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ABSTRACT 
Corrosion characteristics of seven varieties of metals—zinc, brass C260, stainless 
steel 302, stainless steel 316, stainless steel 420, stainless steel 430, and stainless steel 
440—in three aqueous media—Atlantic Ocean, Charles River, and deionized waters—
were assessed via mass loss methods over 32 weeks, with supplemental data in the form 
of photomicrographic records.  Concurrently, tests were conducted to determine the 
degree of measurement error resulting from the analytical scale used during corrosion 
assessment. This was accomplished by using reference samples of each type of metal and 
a glass vial as the container that held the metal and water samples.  These error tests 
indicated that while the mass error associated with the metal samples was low, the error 
in mass associated with the vial displayed error margins two orders of magnitude larger 
than the error margins for the smaller metal samples.  Further, control tests and statistical 
analysis indicated that this variation was the result of some quality inherent to the vial. 
The metal samples involved in the corrosion assessment experiment generally 
displayed corrosion characteristics in agreement with trends reported in the literature.  
Zinc produced the greatest quantity of corrosion residues out of all the metals studied.  
Brass C260 also developed visible corrosion.  For example, brass C260 developed dark 
green/brown adherent residue and whitish blue-tinted nonadherent residue in Atlantic 
vi 
Ocean water, faint greenish tarnishing and some dark green spots and dots over time in 
Charles River water, and only faint greenish tarnish in deionized water.  In contrast with 
zinc and brass C260, the stainless steels did not exhibit signs of significant corrosion 
rates excepting stainless steel 420 (SS420), which displayed pitted features surrounded by 
multi-colored rings on all of its Atlantic Ocean immersion samples and 25% of its 
Charles River immersion samples.  Atlantic Ocean water generally caused the greatest 
degree of corrosion for all metals, followed by Charles River water, then deionized water, 
except in the case of zinc. 
Residues found on zinc samples immersed in the three different water types were 
similar to each other in coloration.  SS420 samples immersed in different waters also 
displayed similar-colored residues.  Comparisons between the corrosion features of 
SS420 and the single stainless steel 430 and 440 samples that did show visible corrosion 
in Atlantic Ocean water suggested that minor compositional variations between stainless 
steels have little effect on the visual characteristics of the corrosion residues they form. 
Corrosion rates were calculated using linear regressions of the mass loss data for 
all metal sample sets.  While some of these corrosion rates approached literature-reported 
values for the metal in question, the distributions of the mass loss data sets indicated that 
any mass changes that resulted from corrosion were likely too small for the electronic 
scale to detect.  Consequently, it is recommended that future corrosion studies using the 
mass loss method utilize metal samples similar in size to objects typically found at crime 
scenes. 
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1. INTRODUCTION 
1.1 Background 
Proper collection, analysis, and interpretation of physical evidence are critical 
components of most criminal investigations.  Chemical, biological, physical, and trace 
evidence items are examined to help direct the investigative effort and these items are 
compared against known items or each other to establish linkage between scenes and 
persons of interest.  The resulting fact patterns are then used to resolve and adjudicate 
criminal cases.  Given the nature of most violent crimes, the analysis of weapons often 
becomes necessary.  The Federal Bureau of Investigation reports that in 2013, 
approximately 69% of all murders were committed using firearms and 12% were 
committed using knives or other cutting instruments; 40% of robberies were committed 
using firearms and 7.5% were committed using knives or other cutting instruments; and 
22% of aggravated assaults were committed using firearms and 19% were committed 
using knives or other cutting instruments.[1]  Thus, proper analysis of weapon items, as 
well as items associated with the weapons such as shell casings, can establish the facts of 
the case and the sequence of events. 
In some incidents, it becomes necessary not only to determine how a weapon or a 
related item was deposited at a scene, but also to determine how long it has been in that 
environment.  One example of such an incident is discussed in Shanahan, where a brass 
cartridge casing discovered in soil 18 weeks after the crime was assumed to be from the 
incident itself.  This hypothesis was presented as a result of the lack of surface corrosion 
products found on the casing.[2]  During the appeal trial, however, the defense presented 
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the results of a study where six cartridge casings were exposed to the environment for 18 
weeks near the site where the evidentiary casing was discovered, and argued that the  
evidentiary casing was irrelevant to the incident since the study casings had significant 
and visible corrosion products on their surfaces.  In response, Shanahan conducted a field 
study to assess whether other cartridge casings placed in soil would exhibit degrees of 
corrosion similar to the evidentiary casing, and whether these residues can be removed by 
human handling.[2]  It was concluded that cartridge casings buried in similar soil 
environments in relative proximity can show variable degrees of surface corrosion 
residues.[2]  Factors such as the prior condition and degree of corrosion of the metallic 
items, their chemical composition, the pH and oxygen concentration of the environment, 
temperature, and ions present in the environment are known to influence corrosion, 
complicating the determination of how long a metallic item has been exposed to a given 
environment.[2, 3] 
Following Shanahan’s work, Wogan et al.[4] assessed the rates of corrosion of a 
stainless steel 416 (SS416) reference sample and four handgun slides.  It was determined 
that SS416 rods immersed in deionized water had lower rates of corrosion than those 
immersed in waters containing NaCl.  However, corrosion rates did not differ 
significantly between SS416 samples immersed in waters containing different levels of 
NaCl.[3]  In addition, four gun slides, two composed of iron alloys and two of zinc 
alloys, were divided into two parts, and each part was separately immersed in deionized 
and saline water at the same temperatures; it was observed that the portion immersed in 
deionized water and the portion immersed in saline solution formed different corrosion 
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products.[4]  Further, the variety of metal used to make the slides seemed to significantly 
impact both the rate and mechanism of corrosion.[4]  Based on these findings, Wogan et 
al. concluded that devising methods to accurately assess the time-since-immersion of 
metallic items found in aqueous environments would require knowing the metal 
composition, prior condition, as well as characteristics of the aqueous environment such 
as ion content, dissolved oxygen content, and pH.  It was further recommended that 
detailed understanding of how these factors influence the mechanism of corrosion be 
developed before this type of evidence can be used during trial.[4]  To that end, this work 
endeavors to gain insight into the corrosion characteristics of several well-defined metal 
compositions of forensic interest in differing aqueous environments, where parameters 
such as the mass and degree of corrosion of each metallic item was known, so that the 
corrosion rates of these items can be assessed. 
 
1.2 Fundamental Concepts of Electrochemistry 
Given that corrosion is an electrochemical process, an understanding of the basic 
concepts of electrochemistry is needed for the development of methods to determine time 
since deposition.  Electrochemical reactions are oxidation-reduction (redox) reactions that 
take place on two electrodes physically separated in space, where each half-reaction takes 
place on a different electrode-electrolyte interface.  Figure 1 illustrates the basic concept.  
At the cathode, the reduction occurs.  Reduction is the process by which a species is 
reduced (i.e. gains electrons).  At the anode, oxidation (loss of electrons) takes place 
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simultaneously with reduction on the cathode.  In a galvanic cell where electrodes are 
separated in space, electrons flow from the anode to the cathode. 
 
 
The oxidation half-reaction takes the following general form: 
€ € 
R1→O1 + ne–                                                     (1) 
In this equation, R1 represents the species being oxidized, O1 is the oxidized 
variant of R1, and ne– represents the electrons produced by the oxidation half-reaction. 
Similarly, the reduction half-reaction takes the following general form: 
€ 
O2 + ne– → R2                                                   (2) 
Here, O2 represents the species being reduced, ne– is the number of electrons used 
to reduce it, and R2 is the reduced variant of O2. 
Anode Cathode 
Figure 1. Basic Electrochemical Setup 
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When the redox reaction taking place in the cell has not reached equilibrium, the 
flow of electrons can perform electrical work at a maximum theoretical efficiency 
defined in the following equation: 
€ 
ET =
Δ rGT º
Δ rHT º
                                                         (3) 
The efficiency (ET) is the ratio between the Gibbs free energy of reaction (ΔrGT°) 
at temperature T and the standard enthalpy of the reaction (ΔrHT°) at temperature T.  The 
Gibbs free energy of reaction, or ΔrGT°, defines the maximum amount of electrical work 
the system can perform at the given temperature. 
ΔrGT° has a precise relationship to the zero-current circuit potential, or open 
circuit potential/voltage (OCV), of the electrochemical cell involved in the process, as 
defined by the following equation:[5] 
€ 
–nFE ºcell = Δ rGT º                                                  (4) 
Here, n is the number of electrons exchanged in the reaction, F is Faraday’s 
constant (96485 Coulombs per mole of electrons, or C/mol), and Eºcell is the OCV of the 
electrochemical cell.  This equation allows the OCV of a given reaction to be calculated 
if the change in Gibbs free energy for the reaction is known.  Thus, the Eºcell value can be 
used to predict the spontaneity of the cell’s redox reaction. Spontaneity is a 
thermodynamic quality rather than a kinetic quality, however, and offers no information 
as to the kinetics or rate of the reaction. 
Just as the Eºcell value indicates the potential of the cell to produce work, the half-
cell potentials (Eº1/2 values) of the cathode and anode indicate the potentials of the half-
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reactions.  The Eº1/2 values of the cathode and anode are related to the Eºcell value by the 
following equation: 
€ 
E ºcell = E ºcathode −E ºanode                                            (5) 
The half-cell potentials of the cathode and anode, E°cathode and E°anode, are the 
reduction reaction potentials of the oxidized forms of the species being reduced.[5]  For 
instance, reduction of Cu+ to Cu is associated with the following half-potential:[5] 
€ 
Cu+ + e– →Cu                    Eº1/2 = 0.521V          (6) 
Likewise, the reduction of Cu2+ to Cu has the following standard reduction 
potential: 
€ 
Cu2+ + 2e– →Cu                  Eº1/2 = 0.342V          (7) 
Standard Eº1/2 potentials are substance/element-specific, and substances that are 
more easily oxidized than hydrogen are assigned negative Eº1/2 potentials.[6] 
Finally, like open-circuit potentials of the whole cell, half-cell potentials are also 
indicative of the spontaneity of their respective half-reactions as per Equation (4).  In an 
electrochemical cell, the half-reaction that has the larger Eº1/2 will be reduced, while the 
half-reaction that has the smaller Eº1/2 will be oxidized.[5] 
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1.3 Corrosion 
 
Figure 2. Evans Diagram 
 
Corrosion is a type of electrochemical reaction where an oxidation reaction and a 
reduction reaction take place simultaneously on a single surface.[7, 8]  An Evans 
Diagram, as shown in Figure 2, displays a schematic of the kinetics of corrosion 
processes as a function of potential versus log current density, showing both the cathodic 
reaction where a reduced species is produced (O + ne- ⇄ R) and the anodic reaction 
where neutral metal atoms (M) lose electrons and are oxidized (M ⇄ Mn+ + ne–).[3, 9]  As 
current increases, the anodic reaction potential increases while the cathodic reaction 
potential decreases.  The two functions eventually intersect at an equilibrium point, where 
the potentials of the anodic and cathodic reactions are equal.  The potential of the 
equilibrium point is known as the mixed potential or corrosion potential (Ecorr), and the 
corresponding current is known as the corrosion current (icorr).[5, 8]  Larger differences 
between the potentials of the cathodic and anodic reactions produce larger Ecorr and icorr 
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values.[7]  Ecorr can either be measured experimentally[8], or calculated if icorr is 
known.[3] 
The icorr value, also known as the corrosion current density, is dependent upon the 
number of electrons exchanged between the cathodic and anodic sites.[7]  If the number 
of electrons exchanged and the icorr are known, a mass loss value can be approximated via 
an application of Faraday’s law using the following formula; conversely, if the mass loss 
of a metal can be measured accurately, the icorr can be approximated:[7, 8]    
€ 
icorr = nFΔx                                                         (8) 
Here, Δx is the mass loss of the corroding material in moles per square 
centimeters-seconds (mol/cm2•s), n is the quantity of electrons exchanged, and F is 
Faraday’s constant. 
The Evans diagram shown in Figure 2 is a representative schematic.  The anodic 
and cathodic reaction rates, represented by the slopes of the reaction curves, do not need 
to be similar in value and are influenced by factors such as the pH, dissolved oxygen 
content, and ion content of the environment surrounding the corroding metal. 
 
1.4 Environmental Factors Influencing Corrosion 
Most metals form a passive layer of corrosion products on their surface which 
slows further corrosion of the metal body.[10]  Passive film formation is known to 
significantly lower corrosion rates.[11]  Corrosion currents and current densities 
associated with passive films are generally low, reflecting a resistance to corrosion.[12, 
13]  Environmental exposure produces metal oxides, hydroxides, and other complex 
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species over time, where some metal ions can be found in multiple ionization states.[14, 
15]  Complex layers and structures of corrosion materials may form on the metals over 
time, some of which may afford improved corrosion protection.[16]  Depending on 
environmental conditions, the passive layer may readily break down.   If this regularly 
occurs, more reactive sites form, leading to continued deterioration and mass loss.[17 18]  
A number of environmental factors, including but not limited to pH, dissolved 
oxygen and ionic content, and temperature can influence the rates of aqueous corrosion. 
 
1.4.1 Dissolved Oxygen Content 
All other factors being equal, increased dissolved oxygen content is expected to 
increase the rate of corrosion.  For example, a proposed corrosion mechanism for iron in 
aqueous environments with dissolved oxygen is as follows:[7] 
Fe (s) + 2H+ (aq) + 1/2 O2 (g) ⇄ Fe2+ (aq) + H2O (l)                       (9) 
This reaction divides into these half-reactions:  
Fe2+ (aq) + 2e– ⇄ Fe (s)                E°1/2 = -0.44V          (10) 
2H+ (aq) + 1/2 O2 (g) + 2e– ⇄ H2O (l)              E°1/2 = 1.23V           (11) 
Since the half-cell potential of Equation (11) is larger than the half-cell potential 
for the reduction of Fe2+, elemental iron is oxidized while oxygen is reduced.  Assuming 
the surface area of the reacting iron is not a limiting factor, increased oxygen 
concentration should lead to an increase in iron oxidation rates.  Aqueous corrosion is 
often controlled cathodically, meaning the increased availability of the cathodic 
species—in this case, oxygen—leads to increased metal corrosion.[9, 19] 
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Research by Melchers et al. indicates that, at least in the early phase where the 
reaction is limited by oxygen concentration and diffusion through water, a roughly linear 
positive relationship exists between reaction rate and dissolved oxygen concentration;  
this linear relationship is lost when the reaction becomes limited by the ability of oxygen 
to diffuse through the surface oxide layer of the metal.[20, 21]  Higher dissolved oxygen 
concentrations also cause a faster transition from the oxygen concentration-controlled 
linear reaction phase to a non-linear phase controlled by the ability of oxygen to diffuse 
across the surface oxide layer.[21]  Other work by Zhang et al. and Kuang et al. indicate 
that the trend of increased dissolved oxygen content increasing the quantity of residue 
produced holds true even for steels in water at highly elevated temperatures and 
pressures.[22, 23]  Kuang et al. also note that altering the dissolved oxygen content can 
change the composition and configuration of the oxide film found on steel alloys at such 
temperatures and pressures, implying mechanistic changes.[23, 24] 
The concentration of dissolved oxygen is significantly affected by water depth 
and temperature.  Increases in temperature decrease the solubility of oxygen in solution 
and reduce the amount of oxygen available for the corrosion reaction.[25]  As for water 
depth-based concentration changes, less dissolved oxygen is available at increasing 
depths in general,[20, 26] due to a lack of oxygen circulation and organic decay 
consuming available oxygen.[27] 
Corrosion mechanisms are affected when dissolved oxygen (or H+ ions; see 
Section 1.4.2) is not abundant.  In this case, the cathodic half of the corrosion reaction 
11 
becomes the reduction of H2O to form OH– instead of the reduction of oxygen to form 
H2O:[19] 
€ 
2H 2O + 2e– → H 2 + 2OH –                E°1/2 = 0V           (12) 
Metals which have positive E°1/2 potentials, such as copper as shown in Equations 
(6) and (7), are not expected to undergo corrosion by this mechanism.  However, 
Hultquist et al. show that copper does react even in distilled water without dissolved 
oxygen to generate copper hydroxide and hydrogen gas.[28] 
It should also be noted that increased reaction rates do not necessarily mean mass 
loss.  Zhang et al., for instance, noted that the total mass values of their test metals 
increased at increased oxygen concentrations, likely due to passive film formation upon 
exposure to oxygen;[22] this may be due to the fact that alloys can form protective 
passive films upon exposure to oxygen.  Conversely, alloys that form protective passive 
films when exposed to oxygen may lose mass in anoxic conditions.[29] 
 
1.4.2 pH 
The presence of H+ ions also affects corrosion reactions.  In aqueous acidic 
environments, the primary cathodic reaction that takes place in corrosion is the reduction 
of H+ to hydrogen.[19]  For instance, given the presence of H+ ions in proximity to iron, 
the following half-reactions can take place:[5] 
Fe ⇄ Fe2+ + 2e–                          E°1/2 = 0.44V        (13)  
2H+ + 2e– ⇄ H2 (g)                      E°1/2 = 0V             (14) 
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As can be observed, the E°1/2 of the oxidation of neutral iron is the positive value 
of the E°1/2 of the reduction of iron shown in Equation (10), -0.44V.  As the E°1/2 of the 
reduction of H+ is greater than the E°1/2 of the reduction of Fe2+, iron is oxidized and H+ 
reduced in this case.  Given that the cathodic component involved here is H+, however, 
metals with positive standard reduction potentials will not corrode by this mechanism; 
however, the presence of other ions in solution may promote corrosion reactions for 
metals of this type such as copper.[19] 
As gaseous hydrogen bubbles out of solution, the hydrogen half-reaction favors 
H2 product formation, shifting the reaction to the right.  Thus, with increased availability 
of H+ ions at lower pH values, a higher icorr value is expected.  Gileadi shows that in 
concentrated acids where pH = 0, the icorr of the reactions in Equation (13) and Equation 
(14) is around 27 mA/cm2, which is much larger than the icorr of the same reaction in pH 
= 6 (around 0.14 mA/cm2).[30]  Further, Betova et al. and Hu et al. also suggest that 
lower pH values lead to increased corrosion reaction rates with varying types of 
steels.[31, 32]  Metals whose corrosion oxide products are less soluble at higher pH 
aqueous conditions, such as zinc and copper, also have higher reaction rates at lower pH 
values.[25] 
Altered pH values can also lead to differing corrosion reaction mechanisms and 
pathways.  For instance, while H+ will act as the primary cathode species in H+-rich 
environments as shown in Equation (14), in H+-poor conditions the reduction of oxygen 
as shown in Equation (11) or the reduction of water as shown in Equation (12) are more 
likely.[19]  Additionally, Dražić proposes that OH– molecules adsorb onto the surface of 
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neutral iron, and this adsorbed complex oxidizes further in acidic conditions to produce 
Fe2+ and H2O, whereas in alkaline conditions the adsorbed complex undergoes reactions 
to produce Fe(OH)2 and OH–.[33]  In support of the proposed acidic reaction, Huet et al. 
argue that the adsorbed Fe(OH) complex oxidizes the iron further, then solubilizes as 
Fe(OH)+ in acidic conditions.[19] 
Average pH for water at the ocean surface ranges around 8.0 to 8.3, as a result of 
gaseous exchanges with the atmosphere and photosynthetic activity.[26, 34]  At depths of 
around 1000 m, pH values are in the range of 7.6 – 8.0.[26]  Uncontaminated fresh waters 
generally have a pH around 7, though “harder” fresh water with higher carbonate content 
may have pH values up to 9.[34]  Aside from sea surface-level pH values promoting 
greater passiviation of aluminum than deep-sea level pH values, or the observation that 
more protective carbonate adherent material deposit on metal surfaces at pH levels 
slightly higher than neutral, pH values between 4 and 10 generally do not have a strong 
influence on the rate of corrosion of an immersed metallic item.[26, 34] 
 
1.4.3 Ionic Content 
The ion content of a given type of water also influences corrosion rates.  Firstly, 
increased ionic content increases the conductivity of an aqueous medium in general, 
meaning that aqueous environments with increased ion content such as seawater can 
support electrochemical reactions to a greater degree.[26]  Further, specific ions may 
have specific effects.  For instance, formation of adherent residues based on calcium, 
magnesium, and strontium carbonates dissolved in seawater, produced at neutral to 
14 
slightly alkaline pH levels, can help protect metals from further corrosion.[34]  Elevated 
concentrations of copper and nickel are noted to reduce corrosion rates in carbon 
steel.[35]  On the other hand, increases in the presence of certain ions can increase 
corrosion rates.  For instance, copper ion concentrations above 0.05 parts per million 
(ppm) in water induce increased corrosion in aluminum due to copper depositing on the 
aluminum surface and acting as a cathode.[26] 
One of the most important ions in this regard is chloride, Cl–.  It is the most 
abundant ion found in seawater, followed by sodium, sulfates, magnesium, calcium, 
potassium, carbonate and bromide.[9, 29, 35, 36]  Chloride can penetrate and break down 
the passive films formed on metal surfaces, with increased concentrations resulting in  
increased corrosion.[26, 36, 37]  Chloride is considered effective in this regard due to its 
small size, ease of diffusion, and highly electronegative nature.[38]  Klapper et al. 
suggest, however, that the primary role of chloride may not be to induce film breakdown 
but to hinder the reformation of the passive film.[39]  In either case, metals that rely on 
forming passive films to resist corrosion, such as stainless steels and aluminum, are more 
susceptible to active corrosion processes such as pitting when exposed to higher chloride 
concentrations.[26, 29, 36]  The presence of sulfates is also noted to augment the 
corrosive effect of chlorides.[29] 
Finally, chlorides can also act as an oxidizing agent for metals with positive half-
cell potentials that would not otherwise act as anodes when hydrogen reduction is the 
primary cathodic reaction.  Huet et al. propose that Cl– adsorbs onto the surface of 
copper, then causes copper to lose one electron, resulting in a CuCl product.[19]  While 
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this product is insoluble, Zhang et al. show that with increasing chloride concentrations, 
CuCl is converted to a soluble CuCl2– complex, resulting in copper loss.[40]  Zhang et al. 
and Badawy et al. also show, however, that if chloride concentrations range above 0.3 M, 
CuCl2– hydrolyzes to form passive Cu2O.[40, 41]  Given that the average chloride 
concentration in seawater is around 0.5 M[42], passive copper (I) oxide formation can be 
expected in copper immersed in seawater.  With these factors in mind, assessment of 
corrosion rates in aqueous environments would therefore need to take into account the 
ionic content of the water, particularly that of chloride.  
 
1.4.4 Temperature 
An increase in temperature can increase the electrochemical reaction rate and 
corrosion rate via breakdown of the passive surface layer.[21, 26, 36]  This change in 
reaction rate with temperature is governed by the Arrhenius equation: 
€ 
r = Ae−(
Ea
RT )                                                     (15) 
Here, r is the reaction rate, A is a pre-exponential factor, Ea is the activation 
energy, R is the gas constant, and T is the temperature.[25] 
Temperature also affects oxygen solubility.  As noted previously, increased 
temperatures lead to less dissolved oxygen content.[25]  Malik et al. show that increasing 
temperature increases the corrosion rate in several stainless steel types up to around 65ºC, 
after which dissolved oxygen concentrations are lowered enough that Ecorr remains 
stable.[36]  Melchers and Jeffrey indicate that lowered oxygen concentration causes the 
corrosion reaction rate to retain a linear relationship with oxygen concentration for a 
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longer period of time before the reaction rate loses this linear relationship and becomes 
controlled by oxygen diffusivity across surface corrosion products, meaning temperature 
can also have complex influences on long-term corrosion reaction rates.[21]  Given the 
temperature fluctuations natural bodies of water experience due to seasonal changes, a 
precise understanding of the relationship between temperature, corrosion rates, and 
mechanisms is necessary for field studies of corrosion.[3] 
 
1.5 Metal Compositions, Applications, and Corrosion Characteristics 
As each metal exhibits a different Eº1/2, each produces a different Ecorr upon 
reacting with environmental elements.  Similarly, differing alloys—solutions of two or 
more metals in a solid state—also exhibit differing corrosion potentials and rates.  For 
example, Zheng et al. show that, in 0.5 M NaCl solution, one low-alloy steel and two 
stainless steels all exhibited different icorr values/corrosion rates, with the chromium-
containing stainless steels having much smaller icorr values.[43]  Further, chromium 
concentrations affected the icorr, where increased chromium content decreased the 
icorr.[43]  Ibrahim et al. also demonstrate differing icorr values between four stainless steels 
of the same material class (austenitic) immersed in solutions of equal NaCl 
concentrations.[38] 
Given the large varieties of metals and alloys that can be found in numerous real-
world applications, this study focused on a few metals and alloys that were determined to 
be of forensic relevance.  A description of their basic characteristics and corrosion 
behaviors are provided in the following subsections. 
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1.5.1 Stainless Steels 
Stainless steels are defined as iron-based alloys containing no less than 10.5–11% 
chromium by weight.[44, 45]  This quantity of chromium is the minimum required for 
stainless steel to form a passive oxide layer on its surface that protects the alloy from 
destructive corrosion.[29, 45]  The chromium present in this oxide layer primarily take 
the form of adherent Cr3+, which forms Cr2O3.[9, 19]  Other alloying elements such as 
nickel, molybdenum, manganese, sulfur, and silicon may also be found in stainless 
steels.[44, 45]  The carbon content of stainless steels varies, from around 0.03% carbon 
or less up to above 1% in certain varieties.[44] 
The percent compositions and structural features of the alloys are used to classify 
differing types of stainless steels.  Crystalline structures are used to define four classes of 
stainless steels:  austenitic, ferritic, martensitic, and duplex.[44]  Another class, 
precipitation-hardened, is defined by the heat treatment used in production.[44]  
Individual stainless steel types are usually identified according to two numbering systems 
in the United States:  the first, originally issued by the American Iron and Steel Institute 
(AISI), assigns a three-number designation to each type of stainless steel, followed by 
one or two alphabetical characters indicating modifications to the basic three-number 
type, if any.[46]  The second, the Unified Numbering System (UNS) employed by the 
American Society for Testing and Materials (ASTM) and Society of Automotive 
Engineers (SAE), assigns a single alphabetical prefix—S in the case of stainless steels—
and five numbers to each type.[29, 46]  The first three numbers of the designation are the 
same as the AISI numerical designation, while the subsequent two numbers are “00” for 
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the basic AISI-designated type or some other two numbers for modified variants 
thereof.[44, 46]  An exception to this numbering scheme can be seen for the 
precipitation-hardening stainless steels, whose initial three numbers in the UNS 
designation do not match their 600-series numerical designations under the AISI 
numbering scheme.[46]  As the AISI has stopped issuing new designations, some alloys 
do not have an AISI designation, and are instead known by proprietary names, 
trademarks, compositional abbreviations, and/or UNS designations.[29, 46]  
Nevertheless, AISI designations persist as common names for designating stainless steel 
types.[46] 
The austenitic class, designated using the 200 and 300 number series under AISI, 
is the most common class of stainless steels in the United States.[29]  These steels 
generally have a chromium content ranging between 16% to 26%.[44]  The 300 series 
contains nickel as a structural stabilizer, whereas the 200 series partially substitutes 
nickel with manganese and nitrogen; nickel content for the class as a whole usually 
ranges between 4% to 22%, though some alloys can have up to 35%.[29, 44, 46]  
Austenitic stainless steels can only be hardened by cold working, not by heat 
treatment.[44]  Cold working is defined as the alteration of a metal’s shape and structure 
via rolling, stretching, or hammering at room temperatures in order to strengthen and/or 
harden it.[3, 47] 
Some examples of austenitic stainless steels include stainless steel 302 (SS302), 
stainless steel 304 (SS304), and stainless steel 316 (SS316).  SS304 and SS316 are 
among the most common stainless steel types encountered, and find many general 
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applications.[44, 46]  SS316, in particular, is often employed when SS304 or other alloys 
would not provide sufficient corrosion resistance.  For example, SS316 is used in marine 
applications such as chemical tanks for ships and architectural applications in locations 
where atmospheric factors favor corrosion.[44]  SS302 is almost equivalent in 
composition to SS304, having slightly higher carbon content (0.15% max) versus SS304 
(0.08% max) in return for having slightly less chromium (17–19%) than SS304 (18–
20%).[44, 46]  The effect of these variations in alloying constituents will be discussed 
subsequently. 
The ferritic class is also cold-working hardened, and includes several AISI 400 
series stainless steels.[29, 45]  Chromium, which stabilizes the ferritic structure, forms 
between 10.5% to 30% of a ferritic stainless steel.[44, 46]  Stainless steel 430 (SS430) is 
among the first ferritic stainless steels developed, and all other ferritic stainless steels can 
be considered a variant of it.[29, 44]  Containing around 16–18% chromium, it is used in 
decorative applications such as automobile trims, as well as architectural elements in 
places where atmospheric conditions are not considered significantly corrosive.[44] 
The martensitic class can be hardened by heat treatment, and this heat treatment 
contributes to the structural organization that defines this class.[44]  Compositionally, 
they contain 10.5–18% chromium, with carbon content being potentially as high as 
1.2%.[45]  The martensitic class also includes several AISI 400 series stainless steels 
such as stainless steel 416 (SS416), stainless steel 420 (SS420), and stainless steel 440 
(SS440).  SS440 is further subdivided into three classes—SS440A, SS440B, and 
SS440C—in order of increasing carbon content, which ranges between 0.6–0.75% for 
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SS440A, 0.75–0.95% for SS440B, and 0.95–1.2% for SS440C.[46]  These stainless steels 
are used in the production of cutting implements, surgical and dental instruments, valves, 
gears, shafts, as well as firearms components.[3, 45]  SS440 is particularly useful for 
cutting instruments due to its resistance to wear, and is also used in the production of ball 
bearings.[44, 45]  Items of forensic evidentiary interest such as knives and gun barrels 
can often be expected to be composed of such martensitic alloys.  
Duplex stainless steels are so named because they are composed of a combination 
of austenitic and ferritic structures, usually in equal amounts.[44]  This structural feature 
contributes to duplex stainless steels’ resistance to stress corrosion cracking as well as 
pitting action.[44, 45]  Duplex stainless steels are comprised of 20–30% chromium and 
5–8% nickel, with carbon content being generally below 0.03%.[45] 
Precipitation-hardening stainless steels are classified according to the hardening 
process they undergo, which involves solution-quenching then extended heat treatment at 
800–1000ºF.[29]  Elements such as copper, aluminum, niobium, and titanium are used as 
hardening agents in this process, leading to these elements being present in the finished 
alloy.[44, 45]  Precipitation-hardening stainless steels can have austenitic, semiaustenitic/ 
duplex, or martensitic structural configurations depending on the heat treatments 
performed on them.[29, 45, 46] 
Corrosion in stainless steels more commonly takes the form of focused local 
degradation rather than uniform, broad-area oxidation.[44]  Two of the most important 
forms of local corrosion in this regard are pitting and crevice corrosion.  Pitting initiates 
from areas where the coverage of the passive film is interrupted, such as by chloride or 
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other halide action or by spontaneous degeneration as described in Section 1.4.3.[39, 45, 
46]   The exposed bare metal then acts as an anodic site where the metal is oxidized, 
while the passive film-protected regions host the reduction of dissolved oxygen and act as 
a cathode.[30]  The anodic pit region is much smaller than the cathodic protected surface, 
which results in larger current densities in the anodic site, prompting localized corrosion 
and pit development.[7, 30]  Pitting initiation is influenced by material composition, 
surface condition and geometry, and temperature.[44, 46]   Pit formation can be divided 
into three phases:  1) passive, where the metal does not form pits; 2) metastable, where 
pits can form but will not develop as the exposed metal can be repassiviated; 3) active 
corrosion, where pits cannot be repassiviated and develop into localized corrosion 
sites.[48]  Pitting is associated with negligible mass loss.[46] 
In terms of general corrosion resistance, the duplex steels rank the highest among 
the five stainless steel classes, followed by austenitic, precipitation-hardening, ferritic, 
then martensitic.[29, 46]  While structural organization contributes to differing levels of 
corrosion resistance, material composition also plays a role.  Chromium is essential for 
the formation of the passive film on the stainless steel surface, and nickel can aid in the 
reformation of the passive film where it has been interrupted.[44]  Nickel is also more 
difficult to oxidize than iron or chromium, and contributes to the order and stability of the 
passive film.[11]  Molybdenum aids the stability of the passive film and helps resist 
pitting, partly through inhibiting the transport of chloride across the film.[46, 49]  Pardo 
et al. also propose that molybdenum aids in the re-passiviation of pitted regions, via 
forming insoluble complexes that cover the exposed metal.[50]  Conversely, manganese 
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is detrimental to corrosion resistance as it forms manganese (II) sulfide with sulfurs 
present in the metal, which can dissolve and leave a pitted area not covered by the 
passive film.[50]  Carbon content also reduces corrosion resistance via reacting with 
chromium, and the resulting carbide compounds can precipitate out of alloy and cause 
localized chromium depletion, reducing the metal’s ability to form the passive film.[46, 
51]  Nitrogen is noted to improve the corrosion/pitting resistance of austenitic stainless 
steels and austenitic portions of duplex stainless steels.[46]  One proposed mechanism of 
this action is the formation of nitride compounds at the metal/passive film interface that 
reduces the dissolution rate of other metals present in the alloy.[11]  Differing quantities 
and combinations of alloying elements can be expected to produce different corrosion 
characteristics in stainless steels, which means that metallic evidence items produced 
using different stainless steel varieties can be expected to corrode at different rates, 
complicating the establishment of a general system for determining the length of 
immersion/time-since-deposition of such items. 
 
1.5.2 Copper and Brass 
Copper and its alloys find a wide variety of practical applications such as water 
and steam piping, radiators and heat exchange systems, as well as electrical systems.[52]    
ASTM and the Copper Development Association assign UNS numberings to copper 
alloys with a C prefix followed by five numbers, similar in formatting to the stainless 
steel classifications.[53]  Pure copper and alloys with high copper content are assigned 
numbers whose initial three characters are in the 100 range.[52] 
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Brasses are defined as copper-zinc alloys, and are assigned UNS numbers in the 
200 range.[52]  One particular variety of brass that is of forensic interest is brass C26000, 
abbreviated as brass C260, which is called “cartridge brass” and is defined by a 
composition of around 70% copper and 30% zinc.[52, 54]  As the name indicates, this 
alloy is used in the production of firearm ammunition components such as cartridge 
casings.[55]  Therefore, assessments of aqueous brass C260 corrosion would be 
necessary for the development of methods to determine the length of time an evidentiary 
brass cartridge casing has lain underwater.  Other uses of brass C260 include motor 
vehicle radiators and general machine components.[55] 
Copper and the majority of copper alloys do not rely on passive films from minor 
constituents for corrosion protection in the manner of stainless steels, but are protected 
via the surface formation of Cu2O.[53]  A very small quantity of this product should form 
even with no dissolved oxygen content:  Hultquist et al., through experiments involving 
copper in distilled water purged of oxygen, propose that copper forms CuOH, which 
would then convert into Cu2O.[28]  Further, as described above in Section 1.4.3, chloride 
can adhere to copper surfaces and oxidize it, with increasing chloride concentrations 
leading to copper loss up until the soluble chloride product hydrolyzes and re-forms 
Cu2O.[19, 40, 41]  Copper alloys containing tin, arsenic, nickel, chromium, and/or 
aluminum do form a protective passive film containing these elements, however.[41, 53, 
56] 
Also unlike stainless steel, alloying elements in copper and brass are generally 
added to improve workability, and uniform corrosion rather than pitting corrosion is 
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considered the primary form of aqueous corrosion.[53]  Brass, however, is prone to 
suffering a specific form of dealloying called dezincification.[52]  Dealloying is defined 
as the preferential loss of a more reactive element from an alloy, leaving behind a porous 
structure of the less reactive metal.[53]  Dezincification is the loss of zinc from brass via 
this process.[57]  Brasses that have 15% or more zinc content are particularly susceptible 
to dezincification, though they conversely become functionally immune to pitting.[53]  
Karpagavalli and Balasubramaniam also indicate that tin and arsenic containing brasses, 
even with 40% zinc content, are better protected against dezincification than brasses 
without these elements.[56]  Turpid saline solutions, brackish waters, and mildly acidic 
environments are especially conducive to dezincification.[29]  Case studies by James and 
Hattingh also indicate that high-zinc brass is prone to dezincification in a marine 
atmospheric environment.[51]  Cartridge casings formed of brass C260 can be expected 
to experience mass loss and/or deterioration via this process, particularly in seawater. 
 
1.5.3 Zinc 
Zinc is commonly used as a coating or sacrificial anode with steel to improve 
corrosion resistance.[58]  It is also commonly used as an alloying element for brass.[58]  
Zinc-aluminum alloys are used to produce cast materials of varying types and 
applications, including automotive components, electronics, and high-tolerance 
mechanical fittings.[59]  The UNS designations for zinc and its alloys begin with Z and 
are followed by five digits.[59] 
25 
Zinc-coated steel is often used in applications that require corrosion resistance.  
Electrochemically applied zinc coatings protect the steel’s surface and prevent iron loss, 
and where a break exists in the coating, iron oxidization is minimized since zinc is more 
likely to be oxidized:[58] 
€ 
Zn2+ + 2e– → Zn                     Eº1/2 = -0.763         (16) 
Zinc corrosion creates many insoluble products.  Among the first products formed 
from an oxygen reduction is zinc oxide, ZnO, which converts to zinc hydroxide, 
Zn(OH)2, under aqueous conditions.[60]  In zinc exposed to the atmosphere, this 
hydroxide can react further when the metal surface is wet, forming zinc carbonate and 
zinc carbonate hydroxides from reactions with atmospheric carbon dioxide.[58]  Other 
atmospheric components such as chlorine from marine atmospheres and sulfur dioxide 
are incorporated as chloride and sulfide-containing complexes.[58, 60]  Zinc oxide can be 
found again among the corrosion products after about one month.[58]  Aqueous corrosion 
of zinc is expected to follow product formation trajectories based on factors such as the 
ions present in the water and the solubility of the corrosion product. 
Zinc is considered to more commonly undergo uniform corrosion, though Neufeld 
et al. have proposed point corrosion initiation mechanisms for atmospheric 
environments.[58, 61]  Scanning electron microscopy also indicates pit formation in zinc 
under 0.1 M NaCl solution with variable carbonate concentration as shown in Laska et 
al.[62]  Zinc is also known to suffer pitting from dissolved oxygen content in distilled 
water.[58]  Higher-pH (>8) aqueous environments have been shown to encourage the 
formation of passive oxides on the surface of zinc metal.[58]  Further, Laska et al. show 
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that soluble zinc corrosion products that contain carbonate can precipitate out of solution 
and cover the zinc surface, with higher HCO3– concentrations encouraging the formation 
of more surface residue, thus reducing zinc metal loss.[62]  De la Fuente et al. report that 
adherent residues on zinc are often flaky and/or cracked, resulting in incomplete surface 
coverage and protection, though this may be the result of exposures to wet-dry cycles in 
the atmosphere.[60] 
One application in which zinc and its alloys are of interest is in the production of 
firearms components.  Relatively inexpensive “Saturday Night Special” or “Ring of Fire” 
handguns are produced using an amalgam of metals, including zinc-containing 
products.[4, 63]  Therefore, if a time-since-deposition estimate from these handguns is of 
interest, then a detailed understanding of the corrosion process of zinc would be 
necessary. 
 
1.6 Mass Measurement 
Determination of mass loss and mass loss rates in corrosion assessments can be 
crucial to the assessment of corrosion reaction rates, as can be demonstrated by Equation 
(8).  Therefore, verifying the degree of error inherent in any weighing systems used in 
such experiments and minimizing such errors where possible is necessary to ensure 
accurate, reproducible results. 
Assessing, minimizing, and understanding the error of weighing systems also has 
further implications in the forensic analytical sciences at large.  For example, controlled 
substances statutes often specify mass ranges and cutoffs for minimum sentencing 
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guidelines, which means establishing precise ranges of masses within which the true 
mass of seized evidence samples lie is at times necessary for proper adjudication.[64]  
This endeavor is often complicated by the fact that drug evidence may be submitted in 
myriad forms, all of which are subject to sampling as exhaustive analysis of all items is 
not feasible.[65]  Electronic scales used for weighing are generally calibrated with a 
series of reference weights, but calibration of the equipment only confirms that the 
equipment is working as expected.  Calibration does not measure nor alleviate the impact 
of error caused by intermediate factors affecting reproducibility.  While Wallace states 
that assessing the measurement error resulting from every possible type of substrate 
encountered in the laboratory may be impractical,[64] it would be prudent to identify 
specific substrate types that may induce larger errors than the reference weights or other 
commonly weighed materials. 
As the present work involves multiple repeated mass measurements of a narrow 
range of experimental material types, procedures for assessing the error involved in 
weighing each type of material are included in the study.  These procedures are especially 
important for corrosion rate determination experiments, as the masses and mass changes 
involved in corrosion processes can be very small, demanding rigorous analysis, 
minimization, and/or characterization of weighing errors. 
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2. MATERIALS AND METHODS 
2.1 Experimental Materials 
Table 1. List of Metals Used in Experiment 
Material Source Source Location Diameter (mm) 
Zinc shot/pellet Alfa Aesar® Ward Hill, MA 1–5 
Brass C260 ball OnlineMetals Seattle, WA 3.175 
Stainless Steel 302 ball OnlineMetals Seattle, WA 3.175 
Stainless Steel 316 ball OnlineMetals Seattle, WA 3.175 
Stainless Steel 420 ball Abbott Ball 
Company 
West Hartford, CT 3 
Stainless Steel 430 ball Abbott Ball 
Company 
West Hartford, CT 3.175 
Stainless Steel 440 ball OnlineMetals Seattle, WA 3.175 
 
Seven types of metals of well-defined compositions were obtained from three 
sources.  A detailed list of the metals, metal types, and sources are provided in Table 1.  
Table 2 lists the elemental percent composition by weight of these metals. 
 
Table 2. Elemental Composition by Weight of Metals Used in Experiment 
Metal Element % Composition* 
Zinc Zn 99.999 
Brass C260 Cu 68.5–71.5 
Zn 28.5–31.5 
Pb 0.07 Max 
Fe 0.05 Max 
Stainless Steel 302 Fe 70 
Cr 18 
Ni 9 
Mn 2 Max 
Si 1 Max 
C 0.15 Max 
P 0.045 Max 
S 0.03 Max 
Stainless Steel 316 Fe 65 
Cr 17 
Ni 12 
Mo 2.5 
Mn 2 
Si 1 
C 0.08 Max 
P 0.045 
S 0.03 Min 
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Metal Element % Composition* 
Stainless Steel 420 Fe Balance 
Cr 12–14 
Mn 1 Max 
Si 1 Max 
C 0.15 Max 
P 0.04 Max 
S 0.03 Max 
Stainless Steel 430 Fe Balance 
Cr 16–18 
Mn 1 Max 
Si 1 Max 
C 0.12 Max 
P 0.04 Max 
S 0.03 Max 
Stainless Steel 440 Fe Balance 
Cr 16–18 
Mn 1 Max 
C 0.6–1.2 
Si 1 Max 
Mo 0.75 Max 
P 0.04 Max 
S 0.03 Max 
*Composition for zinc listed from Alfa Aesar®[66].  Composition for brass C260 and 
stainless steels 302 and 316 listed from OnlineMetals.[67, 54]  Composition for stainless 
steels 420 and 430 listed from Abbott Ball Company.[68, 69]  Composition for stainless 
steel 440 listed from AZO Materials.[70] 
 
Three types of water were obtained for the experiment.  Atlantic Ocean (AO) 
water and Charles River (CR) water were collected on July 9, 2014.  All environmental 
waters were collected at the water surface near the waterline.  Deionized (DI) water was 
obtained from a Millipore Synergy® Water Purification System (EMD Millipore, 
Billerica MA) on an as-needed basis.  AO and CR waters were stored at 4ºC when not in 
use. 
Ten 4 mL Wheaton™ Glass Sample Vials in Vial File™ with black plastic caps 
(Fisher Scientific, Pittsburgh PA) were used to contain the samples.  Each vial was 
cleaned using the laboratory’s standard glassware cleaning procedure.  Manipulation of 
the experimental metal samples was accomplished using metal forceps. 
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The drying of metal samples retrieved from immersion in aqueous environments 
was effected using Kimwipe® (Kimtech Science, Kimberly-Clark Professional, 
Kimberly-Clark Global Sales, Inc., Roswell GA) and absorbent benchtop paper.  A 
Denver Instrument™ P-114 electronic scale (Denver Instrument, Bohemia NY) was used 
for all mass measurements.  All mass measurements were taken with a plastic weigh boat 
placed on the scale, with an alcohol wipe being used to clean the weigh boat.  A Nikon 
SMZ100 stereomicroscope (Nikon Instruments, Melville NY) was used for microscopic 
observations of the metal samples, and observations were photographically documented 
using a SPOT Insight™ camera operated using SPOT Basic software (SPOT Imaging 
Solutions, Sterling Heights, MI). 
Removal of adherent corrosion products was effected using metal forceps, a 
dissecting needle/needle probe, small cut sheets of 3M® Imperial Wetordry™ 2000-grit 
sandpaper (3M, St. Paul, MN), and a Dremel® 3000 rotary tool fitted with a 428 Carbon 
Steel Brush (Dremel, Racine, WI). 
After corrosion product removal, experimental samples and residues were stored 
in druggist’s folds of Raylabcon nitrogen-free 6in x 6in weighing paper (Raylabcon, 
Burgaw NC).  The druggist’s folds containing experimental materials were packaged in 
3½in x 6½in manila coin envelopes for long-term storage. 
Mass data were tabulated, plotted, and analyzed using Microsoft® Excel® 
(Microsoft Corporation, Redmond WA) and StatPlus®:mac LE (AnalystSoft Inc., Walnut 
CA). 
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2.2 Experimental Procedures 
2.2.1 Corrosion Assessment Experiment 
The schematic in Figure 3 depicts the general procedure used during this study.  
In summary, the mass of a clean, empty vial was recorded.  The mass of the sample was 
recorded, and the sample was added to the vial.  A set volume of water was added to the 
vial, and the mass was recorded.  After a predetermined period of time, the mass of the 
vial was recorded again, and the sample was briefly visually examined while still 
immersed, retrieved from the vial, allowed to dry, and had its mass recorded.  The mass 
assessment procedure used for all items in this study involved placing a plastic weigh 
boat on the scale, waiting until the scale reading stabilized for at least 30 seconds, zeroing 
the scale with the weigh boat in place, then placing the item on the scale.  The weigh boat 
was cleaned using alcohol wipes if it appeared contaminated.  The mass of the item was 
recorded after the scale reading stabilized for at least 30 seconds. 
The metal sample was then examined and photographed under a stereomicroscope 
with an attached camera.  Any corrosion residues adhering to the metal were then 
abraded off using forceps, needle probes, the grit and/or backing of 2000-grit sandpaper, 
and a Dremel® rotary tool fitted with a hard polishing brush.  The mass of the metal 
sample was recorded again afterwards.  Finally, the water placed within the vial was 
allowed to evaporate, and the mass of the dried vial was recorded.  The metal sample was 
weighed three times over the course of the experiment, and the mass differences between 
the beginning of its immersion and its retrieval from the water; between its retrieval from 
water and after any abrasive procedures have been applied to it; and between the 
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Figure 3. Flowchart of General Experimental and Data Collection Setup 
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beginning of its immersion and after any abrasive procedures, were determined.  The 
mass of the empty vial was recorded at the beginning of the experiment and recorded 
again after its water content evaporated to determine the mass of residues that have 
accumulated inside the vial that did not adhere to the metal sample via subtracting the 
initial empty vial mass from the final dried vial mass. 
Since it was hypothesized that removing a metal sample from water, abrading it, 
and replacing it in the water multiple times would affect the corrosion rate of the metal 
sample, the experimental design involved multiple metal samples being immersed in 
water.  Thus, a single metal sample would be retrieved from immersion and examined at 
the end of every time interval.  This experimental scheme is illustrated in Figure 4.  
Seven types of metal—Zinc, Brass C260, SS302, SS316, SS420, SS430, and SS440—
were selected for immersion in three different types of water—Atlantic Ocean (AO) 
water, Charles River (CR) water, and deionized (DI) water.  Thus, a set of 21 immersed 
metal samples were examined and collected per time interval, as illustrated in Figure 5. 
To determine the optimal length of a single time interval in the experiment, a 
preliminary study using AO water and single samples of zinc, brass C260, SS302, and 
SS430 was conducted.  Atlantic Ocean water was chosen for this test due to presumptions 
that it would corrode metallic material the quickest.  Zinc and brass C260 were chosen 
since both were expected to show signs of corrosion quickly.  SS430, due to its common 
use in decorative applications[69], was suspected to corrode relatively quickly compared 
to the other stainless steels, and was therefore also included in the test.  Finally, SS302, 
being one of the more common types of stainless steel and sharing similar compositional 
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characteristics with Stainless Steel 304, the most common type of stainless steel 
produced,[67] was chosen for the preliminary study to serve as a reference. 
Four glass vials containing metal samples immersed in AO water were prepared 
for the preliminary test on 7/10/2014.  The mass of each vial was recorded.  Each vial 
 
 
Figure 4. Procedures for Assessing the Aqueous Corrosion of a Single Metal Type 
over Time. 
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Figure 5. Data Set Composition to be Analyzed at Every Interval 
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then had a single piece of metal—zinc, brass C260, SS302, or SS430—added to it.  The 
vials were filled with 3 mL of Atlantic Ocean water, and their full masses were recorded.  
All samples were stored at room temperature over the course of the experiment. Daily 
visual observation was conducted on the contents of each vial, and the metal samples 
were removed every two days for mass assessment and microscopic examination.  If a 
sufficient quantity of corrosion residues was present on any test sample, they were 
removed.  At this time optimal corrosion residue removal techniques were developed. 
Of the four samples used during the preliminary test, the zinc and the brass 
samples began to display signs of corrosion within three days.  The SS302 and the SS430 
samples showed no observable signs of corrosion after one month.  Given these findings, 
the time interval for data collection was set to two weeks, with the experiment scheduled 
to last thirty-two weeks.  This meant that sixteen 21-sample sets (as shown in Figure 5) 
would be prepared for the experiment, with a total of 336 metal-in-water samples. 
Since accurately assessing the quantity of materials that accumulate in an 
experimental sample vial between when it is weighed before the experiment and when its 
water content has been allowed to dry requires an understanding of the average 
background level of suspended and dissolved material present in the water, water blank 
vials were prepared.  The vials were labeled with the water type it contained and a 
sequential number in the following format:  “XX Blank {1–4}”, with XX being the 
abbreviation (AO, CR, or DI).  Masses were recorded for 1) the empty vials, 2) the filled 
vials, and 3) the dried vials. The initial water blanks containing 3 mL of water did not dry 
quickly, so a new set of twelve water blank vials containing 2 mL of water was prepared. 
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The naming convention used in this study consists of the following:  the metal 
type, the water type, and the length of time (in weeks) the sample was immersed.  The 
nomenclature follows the following format:  “XXnn {metal type}”, with XX being the 
abbreviation for the water type present in the vial (AO, CR, or DI), nn being the week at 
which the vial contents would be retrieved and analyzed, and the {metal type} indicating 
the metal sample type present in the vial.  For instance, a sample named “AO12 Brass” 
would contain a brass C260 sample immersed in Atlantic Ocean water, and the brass 
sample was collected on week 12 of the experiment; a sample named “DI30 SS430” 
would contain a stainless steel 430 sample immersed in deionized water, where the 
SS430 sample was collected on week 30 of the experiment.  All subsequent references to 
specific experimental samples in this work will use this abbreviation format. 
 
2.2.2 Analytical Balance Error Assessment 
Since the reliability of the quantitative data gathered for the corrosion assessment 
experiment depended on the reliability of the measurements made on the analytical scale, 
random variations in measurement inherent to the scale required assessment.  For 
example, once the water blank vials were dry, it was observed that all of the CR and DI 
water vials weighed substantially less after drying than before the addition of water.  As it 
was considered unlikely that the mass of the glass changed significantly, concerns arose 
that the electronic scale’s measurements had a significant margin of error. 
A series of repeated mass measurements were performed on mass control test 
samples of zinc, brass C260, SS302, SS316, SS420, SS430, and SS440, as well as an 
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empty vial.  A single pellet or ball bearing was chosen at random to serve as the 
representative mass test sample for that metal.  Similarly, a single cleaned, unlabeled vial 
was randomly selected as the representative mass test sample for all vials.  All of the 
mass test samples first had their masses recorded thirty times consecutively in a single 
day to gauge the intra-day variability of electronic scale measurements. 
Subsequently, the mass test vial and the SS316 mass test ball were weighed ten 
times consecutively in a single day at two-week intervals, to help assess the inter-day 
variability of mass measurements.  When it was determined that the inter-day variability 
was significantly larger than the intra-day variability, a third test for determining the 
overall variability of the electronic scale was performed.  The ten-time consecutive mass 
measurement of the mass test vial and SS316 ball at two-week intervals was continued, 
and the zinc mass test pellet and brass C260, SS302, SS420, SS430, and SS440 mass test 
balls were all weighed once each on the days when the mass test vial and the SS316 ball 
were weighed.  The masses recorded from these weighing events were used to calculate 
the random error inherent in the scale when weighing each type of metal, as detailed in 
Section 2.2.3. 
Comparison of the mass results from the test vial and test SS316 studies also 
indicated that the vial displayed a greater degree of inter-day mass variance than the 
SS316 ball.  To help isolate the cause of the vial’s increased degree of variance, the test 
vial was also weighed ten consecutive times on the scale without a weighboat on the 
same days when the other mass variance test samples were weighed.  The data obtained 
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from these vial weighs without the weighboat was then compared to the vial mass data 
obtained with the weighboat, using methods outlined in Section 2.2.3. 
 
2.2.3 Quantitative Data Analysis Procedures 
The mass data for the corrosion assessment experiment samples were graphed and 
charted using Microsoft® Excel®.  The mass of each metal sample before the experiment 
was defined as the sample’s m0, or initial mass.  The mass of each metal sample after 
they were retrieved from their period of submersion and allowed to dry was defined as 
the sample’s m1, or mass at collection/retrieval.  The mass of each metal sample after 
they were abraded was defined as the sample’s m2, or abraded mass.  If the metal sample 
in question was not abraded, its m2 value was treated as being the same as its m1 value. 
The m0, m1, and m2 values were used to calculate three mass difference values, or 
r values:  r1 was defined as the sample’s mass at collection from immersion subtracted 
from the sample’s initial mass, or m0 – m1; r2 was defined as the sample’s abraded mass 
subtracted from the sample’s mass at collection, or m1 – m2; r3 was defined as the 
sample’s abraded mass subtracted from the sample’s initial mass, or m0 – m2.  The r1 
value represents the total mass the sample lost (or gained, if the value is negative) over 
the course of its immersion in an aqueous environment.  The r2 value represents the 
amount of adherent materials removed from the sample during the abrasion process.  The 
r3 value represents the total quantity of metal lost as corrosion products.  All mass and 
mass differences were charted according to the metal type, the aqueous environment type, 
and time.  A separate chart was produced for each metal and water type combination, 
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graphing the r1, r2, and r3 value sets for the specific metal sample type being immersed in 
the given type of water. 
The masses of each vial, called mi or initial mass of the vials, and the vials’ 
masses after their water content was fully evaporated, called md or dried mass of the 
vials, were also charted.  The mi and the md of the vials were used to calculate a mass 
difference, rv, which was set equal to the dried mass minus the initial mass, or md – mi.  
Ideally, rv represents the quantity of dissolved and suspended material that accumulated 
in the water over the course of the metal sample’s immersion.  The vial masses and vial 
mass differences were charted together with the metal sample masses and mass 
differences.  The water blank vial masses and mass differences were charted separately, 
grouped according to water type. 
The mass data of the mass control test vial and metal samples were recorded 
separately from the corrosion assessment experiment data.  The thirty-weigh intra-day 
mass control data were charted for each mass control test vial and metal sample, and the 
mean, standard deviation, and mode of each of these thirty-weigh sets were determined.  
The repeated ten-weigh sets of the test vial and SS316 ball, along with the single weighs 
of the other test metals repeated every two weeks were also tabulated. 
The overall random mass variations for the metal samples were calculated using 
the following method.  The mass of a given control metal sample on a given week, or cn 
of the control metal sample, was subtracted from the mode of the initial thirty weighs of 
that metal sample, or c0 of the control metal sample.  For SS316, the first weigh in each 
of its ten-weigh sets was used as the cn, SS316 value of that week, where n represents a 
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specific weighing of the mass control sample with n = 1 being the first weighing.  This 
mass difference value, Δcn, was tabulated for each specific (nth) weighing of every mass 
control test metal sample.  The set of Δcn values for each metal were analyzed through 
calculating the mean, or µmetal, and standard deviation, or σmetal, of each Δcn set in 
Excel®. 
Additional statistical analyses were conducted using StatPlus®:mac.  The r1, r2, 
and r3 values of all metal and water combinations were first plotted against time in 
Excel®.  The linear regressions of each of the r1, r2, and r3 values were then calculated 
using StatPlus®.  The StatPlus® linear regression algorithms determined the confidence 
limits of the slope and the y-intercept, as well as the p-value determined using a t-test 
integral to the algorithm.  The slope, standard error of the slope, upper and lower 
confidence limits, and the p-value obtained from the t-test for all linear regression 
calculations were charted for all r1, r2, and r3 values of every metal and water 
combination.  The y-intercept and its standard error, confidence interval, and p-value 
were also charted, albeit separately.  Linear regression analysis was also conducted on the 
rv values of all metal and water combinations. 
The slopes obtained from the linear regressions of all r3 value sets—the metal 
mass loss rates—were then normalized against the nominal surface areas of each metal 
sample type, to obtain a metal mass loss rate per surface area value for each sample set.  
Based on general size and shape, zinc pellets were modeled as half-spheres with 5 mm 
diameters.  Brass C260, SS302, SS316, SS430, and SS440 samples were considered as 
spheres with 3.175 mm diameters, and SS420 samples were modeled as spheres of 3 mm 
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diameter.  The mass loss rate per surface area per week of each sample set was then used 
to calculate the corrosion current densities exhibited by each sample set using Equation 
(8).  It was assumed that zinc samples lost zinc to become Zn2+.  It was assumed that 
brass C260 samples lost only copper in the form of Cu+, as the predominant residue 
contributing to total mass loss was assumed to be adherent Cu2O.[40, 41, 53]  It was 
assumed that all stainless steel samples lost iron in the form of Fe2+.[3, 4]  The mass loss 
rates per surface area were converted to corrosion current density values using Equation 
(8), and both the metal mass loss rates and the corrosion current densities calculated from 
them were tabulated. 
The corrosion current densities were also converted to metal thickness lost per 
year values via this formula:[71] 
€ 
p = icorr × (
3.28W
nd )                                                  (17) 
Here, p is the corrosion rate in thickness lost per time, or “penetration rate”, in 
mm/year, W is the molar mass of the metal lost in g/mol, n is the number of electrons 
exchanged in the corrosion reaction, and d is the density of the metal being lost in the 
corrosion reaction in g/cm3.  The resulting penetration rates of all metal type and water 
type combinations were also tabulated. 
Linear regression was conducted on the data gathered from the initial thirty 
weighs of each mass test metal sample to assess whether larger metal masses gave rise to 
larger margins of error.  The mean, standard deviation, and mode of each thirty-weigh set 
were tabulated in Excel®.  The data was arranged in order of increasing average mass 
(mean) of the metal samples, and the least squares fits of the standard deviation values of 
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all seven thirty-weigh sets against the mean and the mode of the thirty-weigh sets were 
determined using the StatPlus® linear regression algorithm.  The slope, y-intercept, 
confidence limits, and p-value resulting from these regression calculations were 
tabulated.  The standard deviation values of the thirty-weigh sets were plotted in order of 
increasing average mass of the metal samples, with a linear regression fit being applied to 
the data using Excel®. 
Assessment of whether the intra-day variability within each of the ten-weigh mass 
measurement sets of the mass control test vial and SS316 ball was significantly different 
compared to the inter-day variability displayed between the ten weigh sets of the test vial 
and SS316 ball was conducted using the one-way Analysis of Variance (ANOVA) 
provided with StatPlus®.  The entire series of all ten-weigh sets for both the test vial and 
the test SS316 ball were analyzed, and the results were evaluated to assess whether a 
significant difference existed between the intra-day and inter-day mass variance 
displayed by both the vial and the SS316 ball. 
The question of whether the weighboat contributed a significant variation to the 
mass measurements of the mass control test vial was answered via a two-sample (paired) 
z-test applied to the ten-weigh sets of the vial taken with and without the weighboat every 
two weeks for nine weeks.  The nine ten-weigh sets of the vial taken with the weighboat 
were compared to the nine ten-weigh sets of the vial that were taken on the same days 
without the weighboat, using the hypothesis that if the two sets of data did not display 
any differing degrees of random variation, the mean of their differences would be zero. 
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3. RESULTS  
3.1 Preliminary Data 
3.1.1 Preliminary Experiment Data 
  
  
Figure 6. Mass Measurements of Four Preliminary Experiment Samples in Atlantic 
Ocean Water.  Each sample was weighed every two days.  Gray diamonds (¯) represent 
mass measurements.  Filled in black squares (¢) indicate that abrasion tests were done to 
the sample in question on that day after weighing. 
A single zinc pellet, brass C260 ball, SS302 ball, and SS430 ball were each 
deposited in a vial containing Atlantic Ocean water for the preliminary experiment.  Each 
metal sample was visually examined every day, and retrieved from immersion for 
0.203	  0.2035	  0.204	  
0.2045	  0.205	  0.2055	  
0.206	  0.2065	  0.207	  
0	   5	   10	  15	  20	  25	  30	  35	  40	  45	  
Zi
nc
	  M
as
s	  
(g
)	  
Day	  
0.1422	  0.1424	  
0.1426	  0.1428	  
0.143	  0.1432	  
0.1434	  0.1436	  
0	   5	   10	  15	  20	  25	  30	  35	  40	  45	  
Br
as
s	  
M
as
s	  
(g
)	  
Day	  
0.1284	  0.1285	  
0.1286	  0.1287	  
0.1288	  0.1289	  
0.129	  0.1291	  
0	   5	   10	  15	  20	  25	  30	  35	  40	  45	  S
S4
30
	  M
as
s	  
(g
)	  
Day	  
0.1336	  0.1337	  
0.1338	  0.1339	  
0.134	  0.1341	  
0	   5	   10	  15	  20	  25	  30	  35	  40	  45	  
SS
30
2	  
M
as
s	  
(g
)	  
Day	  
45 
weighing every two days.  Abrasion processes were tested on the zinc and brass samples 
when they developed possible corrosion residues on their surface.  As demonstrated in 
Figure 6, the zinc and brass samples lost 1–3 mg over the course of the experiment.  No 
major changes were observed for either of the stainless steel samples.  These findings 
informed the decision to set the data collection interval of the corrosion assessment 
experiment at two weeks. 
 
 3.1.2 Water Blank Data 
Table 3. Mass Data for 2 mL Water Blanks 
 
The masses of the water blank vials were recorded, then 2 mL of the indicated 
type of water were added to them.  The vial masses were recorded again once the water 
content evaporated, and the amount of residue left in the vial after evaporation was 
calculated by subtracting the initial vial mass, mi, from the dried vial mass, md.  The 
results of these calculations are displayed in the rightmost column of Table 3.  All of the 
Vial Initial Vial Mass (g) 
Water Volume 
(mL) 
Dried Vial Mass 
(g) 
Dried Vial Mass – 
Initial Vial Mass (g) 
AO Blank 1 5.9964 2 6.0722 0.0758 
AO Blank 2 6.0529 2 6.1285 0.0756 
AO Blank 3 5.9753 2 6.0503 0.0750 
AO Blank 4 6.0367 2 6.1137 0.0770 
CR Blank 1 5.9935 2 5.9901 -0.0034 
CR Blank 2 6.0369 2 6.0333 -0.0036 
CR Blank 3 6.0391 2 6.0360 -0.0031 
CR Blank 4 5.9911 2 5.9874 -0.0037 
DI Blank 1 5.9819 2 5.9771 -0.0048 
DI Blank 2 6.0145 2 6.0085 -0.0060 
DI Blank 3 6.0920 2 6.0866 -0.0054 
DI Blank 4 6.0021 2 5.9970 -0.0051 
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CR and DI water blank vials displayed dried vial masses that were smaller than their 
initial masses, as shown by the negative numbers found in the calculation results.  As a 
result, several tests to determine the error inherent to electronic scale measurements were 
conducted, and the results of these tests are shown below. 
 
3.2 Electronic Scale Error Assessment Experiment Data 
3.2.1 Intra-Day Mass Variance Data 
 
Table 4. Summary of Single-Day Thirty-Weigh Test for Mass Control Test Samples 
Item Mean Mass (g) Standard Deviation of Mass (g) Mode of 30 Weighs (g) 
SS420 0.10995 0.00005 0.1100 
SS430 0.12866 0.00014 0.1286 
SS440 0.12917 0.00011 0.1291 
SS302 0.13371 0.00006 0.1337 
SS316 0.13453 0.00011 0.1346 
Brass 0.14342 0.00011 0.1434 
Zinc 0.28862 0.00009 0.2886 
Vial 5.96288 0.00015 5.9629 
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An unlabeled empty vial, a single zinc pellet, and single brass C260, SS302, 
SS316, SS420, SS430, and SS440 balls were chosen at random to serve as mass control 
test samples.  Each test sample was weighed thirty times consecutively in a single day.  
Table 4 summarizes the data obtained from these thirty-weigh sets. 
Linear regression analyses were conducted to test whether the standard deviation 
of each mass test metal sample and the samples’ mean and mode masses had any degree 
of correlation.  The results of the regression analyses are summarized in Table 5. 
Table 5. Summary of Linear Regression Results for Single-Day Thirty-Weigh Tests 
of Metal Test Samples 
Linear Regression 
Parameters Slope (10
-4) Standard Error (10-4) 
Lower Confidence 
Limit (10-4) 
Upper Confidence 
Limit (10-4) p-level 
Standard 
Deviation of Test 
Sample Masses 
Fitted to Mode 
Masses (c0) of 
Test Samples 
0.1 2 -6 6 0.96 
Standard 
Deviation of Test 
Sample Masses 
Fitted to Mean 
Masses of Test 
Samples 
0.1 2 -6 6 0.96 
      
Linear Regression 
Parameters 
Y-Intercept 
(10-4) 
Standard 
Error (10-4) 
Lower Confidence 
Limit (10-4) 
Upper Confidence 
Limit (10-4) p-level 
Standard 
Deviation of Test 
Sample Masses 
Fitted to Mode 
Masses (c0) of 
Test Samples 
1 0.4 -0.01 2 0.05 
Standard 
Deviation of Test 
Sample Masses 
Fitted to Mean 
Masses of Test 
Samples 
1 0.4 -0.01 2 0.05 
48 
The standard deviations of the mass test metals were then graphed in order of 
increasing mean masses, and a rough linear fit was applied to the standard deviations. 
The results are shown in Figure 7. 
 
Figure 7. Standard Deviations of Metal Test Samples in Single-Day Thirty-Weigh 
Test, Arranged in Order of Increasing Mean/Mode Mass of Metal Sample 
The results of these regression analyses indicated that the mass of the metal 
samples did not have a major influence on error displayed in the electronic scale. 
 
3.2.2 Mass Test Vial and Mass Test SS316 Ball Inter-Day Mass Variance Data 
The mass test vial and SS316 ball were weighed ten times consecutively every 
two weeks, yielding thirteen ten-weigh sets for both items.  Analysis of Variance 
(ANOVA) was conducted on the 130 data points taken of both items, to assess whether 
the error displayed by electronic scale measurements within a single day was different 
compared to the measurement errors displayed over longer periods of time.  The ANOVA 
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results are displayed in Table 6.  One notable aspect of these results is that the variance 
between the sets is orders of magnitude larger than the variance within sets. 
The standard deviation of the between-set results was ~0.011g for mass 
measurements made on the test vial.  This value is substantially larger than any of the 
intra-day mass measurement standard deviations shown in Table 4, and is also much 
larger than any of the standard deviation of mass difference values reported in Section 
3.2.4.  The reason for this large standard deviation value was unknown.  It was suspected, 
however, that the plastic weighboat used on the scale may have influenced the weighing 
of the vials, so further tests were conducted to see if this was the case. 
Table 6. Summary of Mass Test Vial and SS316 Ball ANOVA Results 
Item 
Standard 
Deviation within 
Ten-Weigh Sets 
(g) 
Variance within 
Ten-Weigh Sets 
(g2) 
Standard 
Deviation 
between Ten-
Weigh Sets (g) 
Variance between 
Ten-Weigh Sets 
(g2) 
p-level* 
Vial 1.2E-4 1.4E-8 1.1E-2 1.3E-4 0 
SS316 6.6E-5 4.3E-9 1.9E-4 3.47564E-8 7.1E-11 
*This p-level represents the probability that the variance within the ten-weigh sets and 
between the ten-weigh sets for the given item are equal. 
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3.2.3 Assessment of Weighboat’s Influence on Error 
Ten consecutive weighs of the mass test vial taken without placing a weighboat 
on the electronic scale were conducted every two weeks, on the same days when the vial 
was weighed ten consecutive times with a weighboat.  The resulting ninety weighs of the 
vial taken with the weighboat and ninety weighs of the vial taken without the weighboat 
were compared to each other using the two-sample z-test algorithm of StatPlus®, to 
assess whether major differences existed between the paired values of both weigh sets.  
The results of the two-sample z-test are summarized in Table 7. 
The results of the z-test indicate that there are no significant differences between 
the two weigh sets, suggesting that the weighboat used in the weighing process has 
minimal influence on the error of mass measurements on the electronic scale. 
Table 7. Result of Two-Sample Z-Test 
Data Set Vial with Tray Vial without Tray 
Mean (g) 5.94782 5.94797 
Standard Deviation (g) 1.7E-3 1.9E-3 
Variance (g2) 2.9E-6 3.5E-6 
   
Hypothesized Mean Difference 
(Vial with Tray – Vial without Tray) 0  
Calculated Mean Difference 
(Vial with Tray – Vial without Tray) -1.5E-4  
Lower Confidence Limit of Mean Difference -6.8E-4  
Upper Confidence Limit of Mean Difference 3.7E-4  
Standard Error of Mean 2.7E-4  
   
z-statistic -0.56  
z Critical Value - One-tailed distribution 1.6  
Probability that Calculated Mean Difference = 0, One-
tailed distribution 0.29  
z Critical Value - Two-tailed distribution 1.9  
Probability that Calculated Mean Difference = 0, Two-
tailed distribution 0.57  
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3.2.4 Assessment of the Overall Error when Measuring Metal Samples 
Each of the mass control metal samples had its mass recorded once every two 
weeks, and the resulting masses were recorded for each metal.  The SS316 sample mass 
was assessed as part of its biweekly ten-weigh test of the scale’s inter-day errors, and the 
first weigh of each ten-measurement set was recorded for the purposes of this assessment.  
The mass of each of the measurements was subtracted from the mode of the thirty-weigh 
intra-day mass variance test for the given metal test sample (c0), as shown in Table 4.  
The resulting sets of mass differences for every metal, as well as the mean and standard 
deviation of each set, are displayed in Table 8. 
One implication of the results displayed in Table 8 is that the inter-day error of 
the scale, at least when measuring small metal samples, is not as large as the mass test 
vial ten-weigh set ANOVA results of Table 6 may imply.  The standard deviations 
reported in Table 8 are not larger than 0.0001g, while the standard deviation implied by 
the mass test vial ten-weigh set ANOVA results is on the order of 0.01g. 
Table 8. Control Data for Metal Mass Control Samples 
Metal Weigh Week Mass (g) 
Initial Mass – 
Mass on Day (g) 
Mean of Mass 
Differences (g) 
Standard Deviation of 
Mass Differences (g) 
Zinc Mode (c0) 
0 0.2886  
0.000050 0.000084 
 1 23 0.2885 0.0001 
 2 25 0.2887 -0.0001 
 3 27 0.2885 0.0001 
 4 29 0.2885 0.0001 
 5 31 0.2885 0.0001 
 6 33 0.2886 0 
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Metal Weigh Week Mass (g) 
Initial Mass – 
Mass on Day (g) 
Mean of Mass 
Differences (g) 
Standard Deviation of 
Mass Differences (g) 
Brass Mode (c0) 
0 0.1434  
0 0.000063 
 1 23 0.1434 0 
 2 25 0.1435 -0.0001 
 3 27 0.1434 0 
 4 29 0.1434 0 
 5 31 0.1434 0 
 6 33 0.1433 0.0001 
SS302 Mode (c0) 
0 0.1337  
-0.000017 0.000075 
 1 23 0.1337 0 
 2 25 0.1338 -0.0001 
 3 27 0.1337 0 
 4 29 0.1336 0.0001 
 5 31 0.1337 0 
 6 33 0.1338 -0.0001 
SS316 Mode (c0) 
0 0.1346  
0.000061 0.000051 
 1 9 0.1346 0 
 2 11 0.1345 0.0001 
 3 13 0.1346 0 
 4 15 0.1345 0.0001 
 5 17 0.1345 0.0001 
 6 19 0.1346 0 
 7 21 0.1346 0 
 8 23 0.1346 0 
 9 25 0.1345 0.0001 
 10 27 0.1345 0.0001 
 11 29 0.1345 0.0001 
 12 31 0.1345 0.0001 
 13 33 0.1345 0.0001 
SS420 Mode (c0) 
0 0.11  
0.000050 0.000055 
 1 23 0.1099 0.0001 
 2 25 0.1099 0.0001 
 3 27 0.11 0 
 4 29 0.11 0 
 5 31 0.1099 0.0001 
 6 33 0.11 0 
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Metal Weigh Week Mass (g) 
Initial Mass – 
Mass on Day (g) 
Mean of Mass 
Differences (g) 
Standard Deviation of 
Mass Differences (g) 
SS430 Mode (c0) 
0 0.1286  
-0.000117 0.000041 
 1 23 0.1287 -0.0001 
 2 25 0.1288 -0.0002 
 3 27 0.1287 -0.0001 
 4 29 0.1287 -0.0001 
 5 31 0.1287 -0.0001 
 6 33 0.1287 -0.0001 
SS440 Mode (c0) 
0 0.1291  
-0.000083 0.000075 
 1 23 0.1292 -0.0001 
 2 25 0.1292 -0.0001 
 3 27 0.1291 0 
 4 29 0.1292 -0.0001 
 5 31 0.1293 -0.0002 
 6 33 0.1291 0 
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3.3 Corrosion Assessment Experiment Data 
3.3.1 Residue Accumulation in Vials 
The masses of all 336 vials used in the corrosion assessment experiment were 
recorded before the experiment to yield an initial vial mass (mi), and after the metal 
deposited in it was retrieved and its water content was allowed to evaporate to yield a 
dried vial mass (md).  The initial mass was subtracted from the dry mass to obtain a mass 
difference value for the vials (rv), and these values were grouped according to the water 
and metal combination that was present in the vial.  The sets of rv values for each water 
and metal combination was plotted against time, and a linear regression was applied to 
each set.  The slopes of the regressions were examined to see if meaningful trends existed 
in the quantity of residue accumulated in the vials of each metal and water combination 
data set over time.  Table 9 summarizes the slopes obtained from the linear regression 
calculations and their confidence limits. 
Table 9. Summary of Slopes Obtained from Linear Regression of rv Versus Time 
Water Type Metal Type 
Slope 
(10-4 g/week) 
Standard Error 
of Slope (10-4) 
Lower 
Confidence 
Limit (10-4) 
Upper 
Confidence 
Limit (10-4) 
Probability  
Slope = 0 
Atlantic Ocean Zinc 1.7 1.9 -2.4 5.7 0.39 
 Brass 1.2 2.0 -3.1 5.4 0.57 
 SS302 1.7 2.2 -3.0 6.3 0.45 
 SS316 1.2 2.1 -3.4 5.7 0.59 
 SS420 2.1 2.0 -2.2 6.4 0.32 
 SS430 1.6 2.2 -3.0 6.3 0.46 
 SS440 2.0 2.1 -2.6 6.6 0.38 
Charles River Zinc 1.3 1.5 -2.0 4.5 0.42 
 Brass 1.1 1.3 -1.8 3.9 0.43 
 SS302 1.1 1.3 -1.7 4.0 0.41 
 SS316 0.87 1.4 -2.1 3.9 0.55 
 SS420 0.98 1.3 -1.9 3.8 0.47 
 SS430 1.1 1.4 -1.8 4.0 0.43 
 SS440 0.91 1.4 -2.1 3.9 0.52 
Deionized Zinc 1.0 1.3 -1.8 3.8 0.44 
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Water Type Metal Type 
Slope 
(10-4 g/week) 
Standard Error 
of Slope (10-4) 
Lower 
Confidence 
Limit (10-4) 
Upper 
Confidence 
Limit (10-4) 
Probability  
Slope = 0 
Deionized Brass 0.98 1.3 -1.9 3.9 0.48 
 SS302 1.2 1.4 -1.9 4.2 0.42 
 SS316 1.1 1.3 -1.7 3.9 0.42 
 SS420 1.0 1.4 -2.0 3.9 0.48 
 SS430 1.1 1.3 -1.8 4.0 0.43 
 SS440 1.2 1.4 -1.7 4.1 0.41 
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All slopes reported in Table 9 have a p-value between 0.32–0.59.  These data 
suggest that no strong trends of residue deposition existed for any of the vial sets.  
Further studies are needed in order to elucidate the origin of this trend. 
 
3.3.2 Mass Changes of Experimental Metal Samples 
The mass of each metal sample was recorded before immersion in water (initial 
mass, m0), after retrieval from immersion and drying (mass at collection/retrieval, m1), 
and after abrasion of adhering residues after it was dried and examined (abraded mass, 
m2).  All of these mass values were used to calculate three mass loss values for each 
metal sample:  initial mass – mass at retrieval (m0 – m1 = r1), mass at retrieval – abraded 
mass (m1 – m2 = r2), and initial mass – abraded mass (m0 – m2 = r3).  The resulting mass 
loss values were grouped according to the metal and water combination from which they 
originated.  The three mass loss value sets were plotted versus time, and ordinary least 
squares regression was performed.  The summary of the slopes obtained from the linear 
regressions is shown in Table 10. 
Table 10. Slopes Summary for Linear Regression Results of Mass Loss Data 
Water 
Type 
Metal 
Type 
Data 
Set* 
Slope (mass 
lost, 10-6 
g/week) 
Standard 
Error of 
Slope (10-6) 
Lower 
Confidence 
Limit (10-6) 
Upper 
Confidence 
Limit (10-6) 
Probability  
Slope = 0 
Atlantic 
Ocean 
Zinc r1 -17.6 7.1 -32.7 -2.6 0.03 
r2 40.6 13.6 11.8 69.6 0.01 
r3 23.0 8.2 5.6 40.4 0.01 
 Brass r1 -8.0 2.6 -14.3 -1.7 0.02 
r2 21.3 7.7 5.0 37.7 0.01 
r3 13.4 7.8 -3.2 29.9 0.11 
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Water 
Type 
Metal 
Type 
Data 
Set* 
Slope (mass 
lost, 10-6 
g/week) 
Standard 
Error of 
Slope (10-6) 
Lower 
Confidence 
Limit (10-6) 
Upper 
Confidence 
Limit (10-6) 
Probability  
Slope = 0 
Atlantic 
Ocean 
SS302 r1 0.98 3.6 -6.6 8.6 0.79 
r2 -0.61 3.1 -7.3 6.1 0.85 
r3 0.37 3.6 -7.3 8.0 0.92 
 SS316 r1 -7.0 3.1 -13.6 -0.32 0.04 
r2 2.1 2.3 -2.8 7.0 0.38 
r3 -4.9 2.5 -10.2 0.40 0.07 
 SS420 r1 3.7 4.7 -6.3 13.6 0.44 
r2 3.6 1.9 -0.40 7.5 0.07 
r3 7.2 5.2 -3.9 18.3 0.19 
 SS430 r1 -6.0 2.6 -11.5 -0.56 0.03 
r2 0.86 2.1 -3.6 5.3 0.69 
r3 -5.1 2.4 -10.2 -0.087 0.05 
 SS440 r1 1.8 2.2 -3.0 6.6 0.43 
r2 1.6 1.8 -2.2 5.3 0.38 
r3 3.4 1.1 1.1 5.8 0.01 
Charles 
River 
Zinc r1 -3.1 8.2 -20.6 14.5 0.71 
r2 30.1 23.3 -19.5 79.8 0.22 
r3 27.1 29.9 -36.7 90.9 0.38 
Brass r1 -1.8 4.4 -11.2 7.5 0.68 
r2 2.5 1.4 -0.45 5.4 0.09 
r3 0.61 4.2 -8.3 9.5 0.88 
SS302 r1 -1.3 2.4 -6.4 3.7 0.58 
r2 1.5 2.0 -2.9 5.8 0.48 
r3 0.12 2.4 -5.0 5.2 0.96 
SS316 r1 4.9 2.4 -0.12 9.9 0.06 
r2 -0.25 1.3 -3.0 2.5 0.85 
r3 4.7 2.4 -0.44 9.8 0.07 
SS420 r1 5.0 3.9 -3.4 13.4 0.22 
r2 -0.86 1.3 -3.7 2.0 0.53 
r3 4.2 3.4 -3.1 11.5 0.24 
SS430 r1 0.61 2.6 -4.9 6.1 0.82 
r2 -0.74 1.1 -3.0 1.6 0.51 
r3 -0.12 2.9 -6.4 6.1 0.97 
SS440 r1 0.49 2.4 -4.7 5.7 0.84 
r2 -0.25 1.3 -3.1 2.6 0.86 
  r3 0.25 2.4 -4.9 5.3 0.92 
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Water 
Type 
Metal 
Type 
Data 
Set* 
Slope (mass 
lost, 10-6 
g/week) 
Standard 
Error of 
Slope (10-6) 
Lower 
Confidence 
Limit (10-6) 
Upper 
Confidence 
Limit (10-6) 
Probability  
Slope = 0 
Deionized Zinc r1 1.3 2.9 -4.8 7.5 0.65 
r2 7.2 5.6 -4.6 19.1 0.21 
r3 8.6 6.0 -4.2 21.4 0.17 
Brass r1 -1.7 3.7 -9.6 6.2 0.65 
r2 0.86 0.82 -0.89 2.6 0.31 
r3 -0.86 3.7 -8.8 7.1 0.82 
SS302 r1 1.7 3.4 -5.6 9.0 0.62 
r2 1.8 0.89 -4.9 3.7 0.06 
r3 3.6 3.2 -3.3 10.4 0.28 
SS316 r1 -0.61 2.7 -6.4 5.2 0.82 
r2 0.49 0.84 -1.3 2.3 0.57 
r3 -0.12 2.4 -5.3 5.0 0.96 
SS420 r1 2.0 2.3 -3.0 7.0 0.42 
r2 0.98 1.8 -2.9 4.9 0.60 
r3 2.9 2.5 -2.4 8.3 0.26 
SS430 r1 -0.98 3.6 -8.7 6.7 0.79 
r2 0 0.62 -1.3 1.3 1 
r3 -0.98 3.6 -8.7 6.7 0.79 
SS440 r1 -1.8 2.7 -7.6 3.9 0.50 
  r2 -0.12 0.90 -2.0 1.8 0.89 
r3 -2.0 2.8 -8.0 4.1 0.50 
*The r1 values represent non-adherent rust lost from metal, the r2 values represent 
adherent rust accumulated on metal, and the r3 values represent total mass of metal lost as 
corrosion products. 
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Four of the r1 slope values (for AO zinc, brass C260, SS316, and SS430) reported 
in Table 10 are negative, with p-values ≤ 0.05, indicating that the metal samples gained 
measurable levels of mass during immersion in the form of adherent surface deposits. 
However, when evaluating the r1 and r3 results holistically, only the AO zinc shows 
consistency between mass gain prior to abrasion (r1) and the total mass of metal lost to 
oxidation (r3), indicating measurable corrosion via mass loss methods.  
The mass loss data sets of each metal and water combination are depicted in 
Figure 8, which displays the linear regressions applied to the r1, r2, and r3 data sets of all 
metal and water combinations. 
Figure 8 
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Figure 8. Mass Loss Data of all Samples.  Initial mass – mass at retrieval (r1) values are 
represented as circles (), mass at retrieval – abraded mass (r2) values are represented as 
diamonds (¯), and initial mass – abraded mass (r3) values are represented as squares 
(£).  Regression lines of r1 sets represented as continuous lines (–––––), regression lines 
of r2 sets represented as short dashed lines (--------), and regression lines of r3 sets 
represented as long dashed lines (– – – –).  A: AO water Zinc.  B: AO water Brass C260.  
C: AO water SS302.  D: AO water SS316.  E: AO water SS420.  F: AO water SS430.  G: 
AO water SS440.  H: CR water Zinc.  I: CR water Brass C260.  J: CR water SS302.  K: 
CR water SS316.  L: CR water SS420.  M: CR water SS430.  N: CR water SS440.  O: DI 
water Zinc.  P: DI water Brass C260.  Q: DI water SS302.  R: DI water SS316.  S: DI 
water SS420.  T: DI water SS430.  U: DI water SS440. 
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3.3.3 Visual Observations 
Each of the metal samples used in the corrosion assessment experiment was also 
photographed under a stereomicroscope after retrieval and drying, to capture visual 
evidence of corrosion residues on the metal surfaces in supplement of the mass data.  
These observations revealed certain specific trends of residue deposition/formation on 
zinc and brass C260 samples immersed in all three types of water, as well as on SS420 
samples immersed in Atlantic Ocean and Charles River water.  Finally, the Atlantic 
Ocean SS430 and SS440 samples collected at Week 32 of the experiment also 
demonstrated residue formation patterns similar to the pattern exhibited on SS420 
samples that had begun corroding. 
A typical surface pattern for zinc immersed in Atlantic Ocean water is shown in 
Figure 9.  These whitish features with patchy irregular gray areas were seen covering 
variable proportions of the metal surface.  Some areas remained clear and reflective. 
 
 
Figure 9. Common Surface Features of Atlantic Ocean Zinc Samples.  A: AO6 Zinc, 
10x.  B: AO14 Zinc, 40x. 
A 
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Some grainy deposits were also observed on the surfaces of several zinc samples.  
These deposits were often found on the edges/margins where the above-noted whitish and 
grayish features met areas of relatively clear metal, in which cases blue-and-yellow color 
bands were observed near/next to the deposits on the clear metal.  Examples of these 
features are shown in Figures 10 (AO14 Zinc) and 11 (AO30 Zinc).  Also, as Figure 11 
shows, some experimental zinc pellets had large clear areas on their surfaces. 
  
Figure 10. AO14 Zinc Crystalline and Grainy Deposits with Color Bands.  Both 40x. 
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Figure 11. AO30 Zinc Surface Features.  A: 10x.  B: 40x. C, D: 80x. 
C D 
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Brass C260 samples immersed in Atlantic Ocean water typically displayed a dark 
green to brown coating over their surfaces, as well as some whitish blue-tinted non-
adherent residues in their vials.  This coating mostly appeared uniform in color, but 
irregular mottled patterning was also seen.  Samples immersed for longer durations were 
more likely to display some clear/whitish hexagonal crystalline deposits on their surfaces.  
In many instances the crystal formations formed on and near where the brass ball was in 
contact with the vial glass.  This was the case with AO20 Brass, shown in Figure 12. 
 
 
  
Figure 12. AO20 Brass Surface Features.  A: 20x.  B, C: 40x.  D: 20x, abraded. 
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The crystalline deposits found on the brass balls often overlaid a patch of 
relatively shiny, untarnished metal, as can be seen Figure 12C.  The rounded patch of 
yellow metal in the image was found under the whitish cluster of crystals found on the 
upper left side of Figure 12B, and seems to have been a pitted feature.  This feature 
persisted on the surface of the metal even after all of the darker tarnish was scraped from 
the surface, as can be seen in Figure 12D. 
  
  
Figure 13. Atlantic Ocean SS420 Sample Surface Rings.  A: AO18 SS420, 20x. 
B: AO18 SS420, 80x.  C: AO28 SS420, 20x.  D: AO28 SS420, 40x. 
All Stainless Steel 420 samples immersed in Atlantic Ocean water exhibited 
ringed features on their surfaces similar to those shown in Figure 13.  These rings always 
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had a core region of relatively clear metal, with a small black pit at the center.  The rings 
appeared reddish or multi-colored as can be seen in Figures 13C and 13D.  Multi-colored 
rings usually featured a reddish ring around the central clear area, which was in turn 
surrounded by a region of metal that was tinted bluish.  A reddish ring was also often 
observed surrounding the outer periphery of the bluish region.  SS420 samples immersed 
for longer durations in seawater exhibited more ringed features in clusters. 
  
  
Figure 14. Surface Features of AO32 SS420.  A: 20x.  B, C, D: 40x. 
The AO32 SS420 ball, having been immersed in seawater for 32 weeks, exhibited 
several noteworthy features as showcased in Figure 14.  The peripheral areas outside of 
one ring cluster displayed a reddish-orange coloration, as can be seen in Figures 14A and 
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14B.  Further, several features did not display a central clear area with a dotted black pit 
but several irregular pitted features inside their borders, as can be seen in Figures 14B 
and 14D.  Other features with irregular pitting were observed in some SS420 samples, 
such as AO22 SS420 and AO24 SS420.  The irregular pits, or parts of them, were 
possibly present on the ball surfaces even before immersion in seawater. 
  
  
Figure 15. AO22 and AO24 SS420 Irregular Pitting.  A: AO24 SS420, 20x.  B: AO24 
SS420, 80x.  C, D: AO22 SS420, 40x. 
Figure 15 demonstrates the irregular pitting observed on the AO22 and AO24 
SS420 metal samples.  The pitting on AO24 SS420 as seen in Figures 15A and 15B 
appeared much larger and deeper than any of the small black pitting usually observed on 
SS420 samples.  The irregular pitted features did not always form the central focal 
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point/nucleus of a reddish or multi-colored ring feature.  This can be observed in Figures 
15C and 15D, which displays two images obtained from the AO22 SS420 metal sample.  
In 15C, the irregular pitting forms the center of a feature, whereas in 15D it is inside a 
ring feature that also has a small black pitted feature as the focus/center. 
In some SS420 samples, such as AO14 SS420 and AO22 SS420, the multi-
colored rings had a yellowish region outside the red ring surrounding the central clear 
area rather than a bluish region, as can be observed in Figure 16 for AO22 SS420.  
  
Figure 16. AO22 SS420 Yellowish Multi-Color Rings.  A: 20x.  B: 40x.  
None of the other stainless steels immersed in Atlantic Ocean water displayed any 
surface features other than the grayish residues that could also be observed on the SS420 
samples in the images above, excepting the AO32 SS430 and AO32 SS440 samples.  The 
reddish rings found on these two samples are displayed in Figure 17. 
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Figure 17. Reddish Rings on AO32 SS430 (A) and AO32 SS440 (B).  A: 80x.  B: 40x. 
 
  
  
Figure 18. CR12 Zinc Surface Features.  A: 10x.  B, C: 40x.  D: 40x, partially 
abraded. 
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Zinc samples immersed in Charles River water tended to form thin, slightly 
green-tinted surface residues, exemplified by CR12 Zinc as seen in Figure 18.  Patchy 
features sometimes co-occurred with these residues, as seen in Figure 18B.  Irregular 
deposits of opaque yellowish/greenish residue were often seen on the pellet surfaces, as 
can be seen in Figure 18C.  These yellow residue patches were seen in association with 
amorphous gray features, and often lay over such features as well, as shown by the image 
of the partially abraded zinc pellet in Figure 18D. 
In many cases, the green-tinted thin surface residues of the Charles River zinc 
samples had blue-and-yellow color bands on their peripheries, as can be seen in Figure 
19B.  These color bands were usually faint and difficult to photograph.  The relatively 
shiny areas of the pellets were also not always completely clear; in some instances, 
irregular grayish dots and patches of brownish features were observed, shown in Figures 
19C–19E.  These features could sometimes co-occur with the yellowish/greenish residues 
shown in Figure 18C, as seen in Figure 19F. 
Two of the zinc sample pellets immersed in Charles River water had shapes 
differing significantly from the other zinc pellets used in the experiment:  CR14 Zinc and 
CR32 Zinc.  Both pellets had a large quantity of materials on their surfaces, including 
some grainy material and some possibly crystalline whitish deposits, and were discovered 
to have holes leading into their interior that were concealed by these deposits.  Both 
samples exhibited significant mass loss, likely as a result of their surface contours.  
Figure 20 contains images captured from the CR14 Zinc pellet. 
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Figure 19. Colored Bands and Spots on Charles River Zinc Samples.  A: CR18 Zinc, 
10x.  B: CR18 Zinc, 40x.  C: CR22 Zinc, 80x.  D: CR26 Zinc, 10x.  E, F: CR26 Zinc, 40x. 
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Figure 20. CR14 Zinc Surface Features.  A, B: 10x.  C: 30x.  D: 40x.  E: 20x.  F: 20x, 
abraded. 
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Figure 21. CR32 Zinc Surface Features.  A, E: 10x.  B, D, F: 40x.  C: 80x. 
Figure 21 likewise contains images captured from the CR32 Zinc pellet. A 
notable feature of this sample is the whitish, plaster-like material seen in Figures 21E and 
21F.  This material concealed a hole on the zinc pellet beneath it, and another hole 
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covered by residue on the rounded side connected to the void formed by this hole.  It was 
not clear whether the interior of the pellet was hollow. 
Grainy residues were not unique to CR14 Zinc and CR32 Zinc.  Figure 22 shows 
CR8 Zinc and CR20 Zinc, both of which had some grainy deposits on them.  Notably, 
CR8 Zinc also had a large void on its surface, and had more surface residues than the 
CR6 and CR10 zinc pellets. 
  
  
Figure 22. Grainy Deposits on Charles River Zinc Samples.  A: CR8 Zinc, 10x. 
B: CR8 Zinc, 80x.  C: CR20 Zinc, 40x.  D: CR20 Zinc, 80x. 
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Figure 23. Charles River Brass C260 Samples’ Surface Features.  A: CR12 Brass, 
20x.  B: CR24 Brass, 40x.  C: CR26 Brass, 40x.  D: CR26 Brass, 80x. 
The brass samples immersed in Charles River water did not exhibit the degree of 
tarnishing the brass samples immersed in Atlantic Ocean water displayed.  In most cases 
only a faint layer of greenish material covered the ball surfaces; this layer was more 
noticeable for samples that had been immersed for longer periods of time.  
Conglomerations of darker features could often be observed on the brass balls, shown in 
Figure 23.  These features were not necessarily associated with surface depressions and 
pitting, as can be seen in Figure 23B for the CR24 Brass sample. 
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Figure 24. Charles River SS420 Samples’ Ringed Features.  All images 40x. 
A: CR14 SS420.  B: CR26 SS420.  C, D: CR32 SS420. 
Some stainless steel 420 samples that were placed in the Charles River water 
developed ringed features with a clear center area and a small pitted black feature.  
Unlike the SS420 samples placed in Atlantic Ocean water, however, only four SS420 
balls developed ringed features:  CR6 SS420, CR14 SS420, CR26 SS420, and CR32 
SS420.  CR6 SS420 and CR26 SS420 both developed reddish rings only, CR14 SS420 
developed a multi-colored, multi-layered ring, while CR32 SS420 developed both 
varieties of rings, as shown in Figure 24. 
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Figure 25. DI12 Zinc Surface Features.  A: 10x.  B, C, D: 40x. 
Zinc samples immersed in deionized water generally developed patches of 
whitish-grayish surface coating, which often contained amorphous opaque grayish 
features in their peripheries.  Some grayish features were seen with a smaller quantity of 
associated whitish residue.  Blue-and-yellow rings/color bands often surrounded these 
features, and some instances of brown spots also occurred on the pellets.  All of these 
features are readily visible on DI12 Zinc, displayed in Figure 25.  Other observed features 
include small grayish dots, patchy grayish features, and flaky white powdered residue 
covering some of the above feature types, all shown in Figure 26. 
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Figure 26. Deionized Water Zinc Samples’ Surface Features.  A: DI18 Zinc, 40x. 
B: DI20 Zinc, 40x.  C: DI32 Zinc 80x.  D: DI32 Zinc 40x. 
Brass C260 samples immersed in deionized water generally displayed slight 
greenish tarnishing, with samples immersed longer being more likely to have more 
tarnish.  Unlike the Charles River brass samples, deionized water brass samples did not 
have patches/conglomerates of dark features.  Any dark material found on the surface 
were usually accumulations in irregular gouged pitted features that are likely surface 
aberrations that existed on the ball before immersion.  Images demonstrating these 
findings can be seen in Figure 27. 
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Figure 27. Deionized Water Brass C260 Samples’ Surface Features.  A: DI16 Brass, 
20x.  B: DI20 Brass, 40x.  C: DI26 Brass, 20x.  D: DI26 Brass (abraded), 20x. 
None of the stainless steel samples immersed in deionized water indicated visual 
signs of corrosion. 
 
3.3.4 Calculated Corrosion Current 
The slopes of the linear regressions for the r3 values displayed in Table 10—the 
metal mass loss rate of each metal-and-water-combination sample set—were divided by 
the nominal surface areas of their respective metal sample types to obtain the metal mass 
loss rate per surface area for each sample set, which were then used to calculate the 
corrosion current densities of each metal type in the three water types utilized in the mass 
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loss experiment using Equation (8).  The results for metals immersed in AO water are 
shown in Table 11, the results for metals immersed in CR water are shown in Table 12, 
and the results for metals immersed in DI water are shown in Table 13.  The corrosion 
current densities for zinc sample sets were calculated based on the assumption that only 
zinc is lost from a high-purity zinc sample.  The corrosion current densities for brass 
C260 sample sets were calculated assuming predominant copper loss on the basis that 1) 
the mass changes data obtained from the brass samples imply that abrasion contributes 
more to metal mass loss than dissolution processes during immersion and 2) the primary 
adherent residues formed on brass C260 samples are Cu2O.[40, 41, 53]  The corrosion 
current densities for stainless steel samples were calculated assuming selective iron 
dissolution.[3, 4] 
The corrosion current densities for all sample sets were also converted to 
thickness of metal lost per year values using Equation (17).  The resulting metal 
penetration rates are tabulated in Table 14. 
 
Table 11. Metal Mass Loss and Corrosion Current for Atlantic Ocean Samples 
Metal 
Metal Mass Loss per 
Area (r3/SA*Time, 10-6 
g/cm2*week) 
Standard Error of 
Metal Mass Loss per 
Area (10-6) 
Corrosion 
Current Density 
(icorr, 10-6 
mA/cm2) 
Standard Error of 
Corrosion 
Current Density 
(10-6) 
Zinc 11.7 4.2 57.3 20.3 
Brass 42.2 24.5 105.8 61.6 
SS302 1.2 11.3 6.6 64.7 
SS316 -15.5 7.9 -88.4 44.9 
SS420 25.6 18.4 146.1 105.2 
SS430 -16.3 7.5 -92.8 42.8 
SS440 10.8 3.5 61.8 20.0 
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Table 12. Metal Mass Loss and Corrosion Current for Charles River Samples 
Metal 
Metal Mass Loss per 
Area (r3/SA*Time, 10-6 
g/cm2*week) 
Standard Error of 
Metal Mass Loss per 
Area (10-6) 
Corrosion 
Current Density 
(icorr, 10-6 
mA/cm2) 
Standard Error of 
Corrosion 
Current Density 
(10-6) 
Zinc 13.8 15.2 67.3 74.4 
Brass 1.9 13.1 4.9 33.0 
SS302 0.39 7.5 2.2 43.0 
SS316 14.7 7.5 84.0 43.1 
SS420 14.7 12.1 84.2 69.2 
SS430 -0.39 9.3 -2.2 52.9 
SS440 0.77 7.5 4.4 43.1 
 
Table 13. Metal Mass Loss and Corrosion Current for Deionized Water Samples 
Metal 
Metal Mass Loss per 
Area (r3/SA*Time, 10-6 
g/cm2*week) 
Standard Error of 
Metal Mass Loss per 
Area (10-6) 
Corrosion 
Current Density 
(icorr, 10-6 
mA/cm2) 
Standard Error of 
Corrosion Current 
Density (10-6) 
Zinc 4.4 3.1 21.3 14.9 
Brass -2.7 11.8 -6.8 29.5 
SS302 11.2 10.1 64.1 57.6 
SS316 -0.39 7.6 -2.2 43.5 
SS420 10.4 8.9 59.4 51.1 
SS430 -3.1 11.4 -17.7 65.2 
SS440 -6.2 8.9 -35.4 51.1 
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Table 14. Metal Thickness Lost per Year for all Experimental Metal Sample Sets 
Water Type Metal Type Penetration Rate (10
-4 
mm/year) 
Standard Error of Penetration 
Rate (10-4) 
Atlantic Ocean Zinc 8.6 3.0 
Brass 24.6 14.3 
SS302 0.77 7.5 
SS316 -10.2 5.2 
SS420 17.0 12.2 
SS430 -10.8 5.0 
SS440 7.2 2.3 
Charles River Zinc 10.1 11.2 
Brass 1.1 7.7 
SS302 0.26 5.0 
SS316 9.8 5.0 
SS420 9.8 8.0 
SS430 -0.26 6.1 
SS440 0.51 5.0 
Deionized Water Zinc 3.2 2.2 
Brass -1.6 6.9 
SS302 7.5 6.7 
SS316 -0.26 5.1 
SS420 6.9 5.9 
SS430 -2.1 7.6 
SS440 -4.1 5.9 
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4. DISCUSSION 
4.1 Mass Measurements 
With the exception of the vial, the overall errors in measurement that can occur in 
weighing the experimental material types on measurements carried out on separate days 
were low. The largest standard deviation for weighs carried out on separate days 
originated from the weighs of the zinc mass test sample, and even this value was only 
around 0.00008g.  For this reason any mass measurements made on the experimental 
metal samples may be reasonably considered to be precise to within 0.0002g. 
Masses taken of the mass test vial and results of the ANOVA test suggested large 
inter-day measurement variability, with a standard deviation in the order of 0.01 g.  
According to Wallace, larger items are known to cause slightly larger variations in mass 
measurements, but these variations should only result in the measurement differing from 
the true mass by one or two units in the last displayable digit on the scale, and only if the 
item being weighed had a mass near the upper limit of the scale’s operating range.[64]  
The last displayable digit on the scale was 0.0001 g, and the vials used in the experiment 
generally weighed around 8 g, which was not near the scale’s upper operating range.  The 
use of a tared weigh boat in the measurement procedures that could have interacted with 
the vial in some way to create such large margins of error was ruled out as being the 
cause of this variability via comparing the masses of the test vial taken with and without 
the weigh boat using a paired z-test whose results are shown in Table 7.  The cause of the 
large variations displayed in the vial masses could not be identified. 
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Linear regressions performed on the experimental mass data did not indicate 
major trends in most of the metal sample sets analyzed, either in mass lost/gained during 
immersion (r1), mass of adherent corrosion residues produced during immersion and 
removed via abrasion (r2), or total mass of metal lost as corrosion products (r3).  This was 
particularly the case for all of the samples immersed in Charles River water and 
deionized water.  In general it was observed that mass difference data sets (r1, r2, r3) 
varied widely, resulting in large confidence intervals for slopes calculated from linear 
regressions as shown in Table 10.  Thus, in general, significant corrosion was not 
detected for most samples over the 8-month test period.  One notable exception was that 
of zinc deposited in Atlantic Ocean water.  Visual inspections of the metal loss (r3) 
regression lines would also indicate that most of them are very close to zero, meaning 
that any mass loss rates and corrosion current densities derived from them are expected to 
be low.  This observation becomes clearer upon plotting the r3 data of all metal samples 
immersed in a single water type on the same graph, as has been done in Figure 28 below. 
Figure 28 
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Figure 28 
 
 
Figure 28. Linear Fits of r3 Values for all Sample Sets.  Zinc data points shown as 
diamonds (¯) with solid regression lines (–––––).  Brass C260 data points shown as 
squares (£) with short dashed regression lines (-------).  SS302 data points shown as 
triangles (r) with dashed regression lines (- - - - -).  SS316 data points shown as x marks 
(Í) with dash and dot regression lines (-⋅-⋅-⋅-⋅-⋅).  SS420 data points shown as asterisms 
(Ú) with long dashed regression lines (– – – –).  SS430 data points shown as circles with 
long dash and dot regression lines (– ⋅ – ⋅ –).  SS440 data points shown as plus signs (Æ) 
with long dash double dot regression lines (– ⋅ ⋅ – ⋅ ⋅).  A: AO water samples.  B: CR 
water samples.  C: DI water samples. 
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Another factor to consider is that many of the metal samples, particularly the 
stainless steels, did not show signs of mass loss or visible corrosion.  None of the SS302 
or SS316 samples appeared to have suffered any signs of corrosion on visual observation, 
none of the SS430 and SS440 samples immersed in Charles River water or deionized 
water appeared to have corroded, and none of the SS420 samples in deionized water 
displayed any visual signs of corrosion.  This lack of visual detection of signs of 
corrosion may be due to the fact that pitting corrosion usually requires a scanning 
electron microscope to visualize, and any pits that were detected under visible light 
microscopy would likely have already spent significant time in the active, local corrosion 
phase of pitting development as outlined in Contreras et. al.[48] 
For the sample sets which did indicate some visual signs of corrosion, apart from 
the zinc samples of all three water types and the brass C260 samples immersed in 
Atlantic Ocean water, the quantity of adherent and non-adherent residues the sample 
produced were generally small enough that the scale did not detect the mass changes 
resulting from possible corrosion processes, even if the sample visually appeared to have 
corroded significantly as was the case for AO32 SS420.  This suggests that any mass 
changes that may have occurred due to corrosion were small enough that any changes in 
mass were indistinguishable from random measurement variations.  For the stainless steel 
sample sets, this is in accord with Grubb et al.’s observation that pitting corrosion causes 
very little mass loss to the metal as a whole.[46] 
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Despite these factors, however, some specific insights into the corrosion 
characteristics of the metals employed in the aqueous immersion experiment can still be 
formulated. 
 
4.2 Observed Aqueous Corrosion Characteristics 
4.2.1 Zinc 
Zinc was the only metal that showed observable corrosion and metal mass loss 
(r3) regression lines with slopes (loss rates) noticeably above zero.  Zinc samples 
immersed in all water types displayed formations of grayish, irregular features with 
whitish or green-tinted residues sometimes covering them.  Abrasion processes 
performed on the zinc pellets indicated that the grayish features were difficult to remove 
from the metal surface, while the whitish or greenish residues were flaky and easier to 
remove.  The adherent nature of the grayish material indicates these are possibly zinc 
oxide, zinc hydroxycarbonate, or zinc carbonate.[58, 62]  The appearances of these 
residues are similar to optical microscope photographs taken by Laska et al. of zinc 
surfaces undergoing corrosion in a 0.1 M NaCl and 0.01 M NaHCO3 solution.[60]  The 
whitish or greenish material found around and above these grayish features are expected 
to be less adherent zinc corrosion residues such as zinc hydroxide.  The fact that gray 
irregular material and whitish powder products formed even on zinc samples immersed in 
deionized water gives this conjecture credence, as the lack of ionic content apart from H+, 
OH–, and carbonate compounds from interaction with atmospheric CO2 would preclude 
the formation of zinc corrosion products more complex than zinc oxide, zinc hydroxide, 
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and carbonate zinc compounds such as ZnCO3 or Zn5(CO3)2(OH)6.[60]  The green-tinted 
residues of zinc immersed in Charles River samples indicate that other elements present 
in the water were likely incorporated into the corrosion products in these samples. 
The zinc samples immersed in Atlantic Ocean water generally displayed more 
extensive adherent residue coverage.  This is in agreement with Zhang’s assessment that 
higher pH waters usually promote greater formation of strongly adherent surface 
residues.[58]  According to Massachusetts Water Resources Authority (MWRA) records, 
the seawater pH in the outer Boston Harbor area around the time when the Atlantic 
Ocean water was collected was approximately 7.7–8.[72] 
Small gray dots noted on the surfaces of zinc samples from all water types, 
similar in appearance to the larger patches of grayish features, imply point initiation of 
corrosion on the zinc samples from dissolved oxygen or ions.  These often had rings of 
thin whitish residue surrounding them, accompanied by blue and yellow colored bands.  
Color bands and thin residues were often noted to surround the larger patches of grayish 
features as well, so it can be hypothesized that these larger features also developed from a 
single point or a smaller area.  The compositions of the color bands are uncertain, though 
some general characteristics may be proposed via analogy with the general mechanics of 
pitting corrosion and Neufeld et al.’s proposed point corrosion initiation mechanism.  The 
cathodic area surrounding the site where metal dissolution initiates hosts reduction 
reactions and an increased local pH.[30, 61]  In the case of zinc, the formation of 
carbonate residues are indicated to aid in this process.[62]  Neufeld et al. showed that 
such a pH change allowed atmospheric carbon dioxide to dissolve into the thin aqueous 
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film formed by surface-deposited sodium chloride particles absorbing moisture in the air, 
which formed carbonates and allowed sodium carbonate to precipitate at the edges of the 
aqueous film.  Given these observations, the color bands may also be a result of local pH 
effects.  The fact that they formed even in zinc immersed in deionized water means that 
their composition is likely limited to zinc, hydroxides, and other compounds derived from 
dissolved oxygen or carbon dioxide.  Slightly differing colorations of the color bands 
observed on AO and CR water zinc samples suggest that environmental content 
influences the coloration of these bands. 
The zinc samples immersed in AO water often formed aggregates of white 
crystalline material, usually on the peripheries of whitish deposits.  These may also be the 
result of local pH changes resulting from point-initiated corrosion, and would likely 
contain chlorinated corrosion products such as Zn5(OH)8Cl2•H2O due to chloride 
concentrations in seawater.[60]  CR32 Zinc similarly displayed some large aggregates of 
residue, though these appeared to be of a different morphology than those seen on zinc 
immersed in AO water.  Further, the yellowish and brownish residues observed on 
Charles River water zinc samples were not observed on Atlantic Ocean zinc samples, 
implying the formation of different corrosion products.  Implied compositional 
differences between the deposits found on CR32 Zinc and Atlantic Ocean water zinc 
samples are likely the result of differing dissolved contents found in the water types, 
which indicates that classifying the dissolved content of a body of water is necessary 
when assessing the corrosion of metallic items found inside them. 
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As can be seen in Table 14, the corrosion current density obtained from the linear 
regression of the r3 values for zinc samples immersed in Atlantic Ocean water, 5.7x10-5 
mA/cm2, equated to around 0.86 µm/year, which is much smaller than the 20–70 µm/year 
average loss rate of zinc in seawater reported in Zhang.[58]  Corrosion current densities 
calculated for zinc in Charles River water and deionized water yielded penetration rate 
values of ~1.01 µm/year and ~0.32 µm/year respectively, both of which are much smaller 
than zinc corrosion rates in river water (61–97 µm/year) and distilled water (46–55 
µm/year) reported in Zhang.[58]  These differences may be the result of many factors, 
one of which is that the waters used in this experiment do not necessarily reflect aqueous 
conditions found in the environment, as via removing them from their environment the 
Atlantic Ocean and Charles River waters became detached from the environmental 
equilibrium that maintains their natural conditions, such as water flow rates and microbial 
activity, both of which influence corrosion rates.[26] 
In terms of their relative magnitudes, however, the corrosion rates for the zinc 
samples do appear to bear out the general trend indicated in Zhang that zinc corrodes at a 
lower rate in higher pH waters and in waters with less reactive dissolved content.[58]  
The zinc sample immersed in the Charles River water, which had a recorded pH around 
6.9–7.4 near the collection site in the Lower Basin area around the time the water was 
collected based on MWRA records[73], showed a higher corrosion rate than the zinc 
samples immersed in the more alkaline Atlantic Ocean water, while the zinc samples 
immersed in the deionized water had the lowest observed corrosion rates out of all three 
zinc sample sets. 
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4.2.2 Brass C260 
Brass C260 samples immersed in all three water types showed some degree of 
green to brown tarnishing, though this was the most obvious in brass samples immersed 
in Atlantic Ocean water.  This is reflected in the observed metal mass loss rate for 
Atlantic Ocean water brass C260 samples, which was similar to the metal mass loss rate 
of Atlantic Ocean zinc samples, as can be seen in Figure 28A.  The quantity of surface 
residues removed from brass samples immersed in Charles River and deionized waters 
generally seemed to be minute enough to be undetectable to the electronic scale, which is 
reflected in the linear regressions of their metal loss (r3) data sets shown in Figures 28B 
and 28C and their mass removed via abrasion (r2) data sets that are displayed in Figure 8I 
for the Charles River water samples and in Figure 8P for the deionized water samples. 
The majority of the metal mass lost in the Atlantic Ocean brass C260 samples 
appeared to be due to surface abrasion procedures.  Any dezincification processes 
undergone by the brass samples do not appear to have been detectable using mass 
measurements, as the mass change due to immersion (r1) data sets of brasses in all three 
water types (as shown in Figures 8B, 8I, and 8P for AO, CR, and DI water brass C260 
samples respectively) carried a negative and/or near-zero slope as determined by linear 
regressions, indicating no mass change trends or mass gain from adherent residue 
accumulation.  Visual observations under a stereomicroscope did not reveal significant 
degrees of porosity in the dark green/brown surface residues covering the brass ball 
samples.  Based on these observations and studies by Zhang et al. and Badawy et al. that 
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suggest the majority of adherent surface residues removed from copper-based alloys 
immersed in seawater (~0.5 M Cl–) would be copper (I) oxide[40, 41], the corrosion 
current density for brass C260 samples was calculated assuming a one-electron copper 
loss process.  The resulting corrosion current density, 1.06x10-4 mA/cm2, is slightly larger 
than the corrosion current density Zhang et al. report for pure copper in 0.5 M NaCl 
solution based on potentiodynamic Ecorr determinations, 7.9x10-5 mA/cm2.[40]  Given the 
complexity of the water used in this study, the assumption that copper is lost as a result of 
a one-electron transfer reaction is likely imperfect, and other corrosion reactions may be 
taking place simultaneously.  One such potential corrosion reaction would be the 
dezincification process described in Section 1.5.2.  Another may be the formation of 
copper (II) corrosion products, based on the blue tint observed in the nonadherent 
residues seen in the Atlantic Ocean brass sample vials and the fact that copper (II) oxide 
has a blue-colored hydrated form.  Zhang et al. also indicate through cyclic voltammetry 
that copper produces both Cu+ and Cu2+ products in its adherent residues, though it 
should be noted that these results were obtained from copper immersed in 1 M NaCl, 
where the increased chloride concentrations would have acted to oxidize Cu+ to Cu2+. 
The spread of the metal mass loss (r3) data points displayed by the Charles River 
and deionized water brass C260 samples shown in Table 10 and Figures 8I and 8P 
indicate that they are likely not suitable for accurately determining corrosion current 
densities, as the calculated densities are very low.  Visual observations showed little signs 
of corrosion. 
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The scattered patches and dots of darker material found on the surface of many 
Charles River water brass C260 samples were similar in color to the dark green/brown 
material found on the Atlantic Ocean brass samples.  The observation that these dots and 
patches sometimes co-occurred with dipped/pitted surface features may indicate that 
dezincification played a role in their formation, though no indications of zinc-derived 
residues were observed in any of the Charles River brass samples.  If the patches and dots 
are composed primarily of Cu2O as is conjectured, then comparisons between the brass 
C260 samples immersed in the three water types would imply that a positive relationship 
exists between dissolved ion concentrations, particularly chloride concentrations given its 
role in producing CuCl and forming Cu2O as described in Section 1.4.3, and the extent of 
adherent copper residue formation.  Further, as the dark green/brown residues were seen 
on Atlantic Ocean brass samples as early as two weeks into the experiment while a few 
two-week intervals elapsed before the dots and patches were observed on Charles River 
brass samples, a positive relationship may also be inferred between ion/chloride 
concentrations and the speed of adherent residue formation for copper alloys. 
 
4.2.3 Stainless Steels 
None of the stainless steel samples immersed in any of the three water types 
showed strong trends of metal mass loss, while corrosion residues were observed on all 
SS420 samples immersed in Atlantic Ocean water, 25% (4 out of 16) of SS420 samples 
immersed in Charles River water, and on AO32 SS430 and AO32 SS440.  The relatively 
small and localized nature of these observed corrosion residues meant that electronic 
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scale measurements generally did not detect mass changes occurring as a result of their 
removal.  These observations are in accord with the general trend cited in Grubb et al. 
that pitting corrosion is often associated with minimal/negligible mass loss.[46] 
 
4.2.3.1 Austenitic Stainless Steels 
Neither of the austenitic stainless steels included in this experiment—SS302 and 
SS316—showed any visual indications of corrosion or mass loss trends in any of the 
three water types they were immersed in.  As shown in Tables 12–14, the calculated 
corrosion current densities for both metals immersed in all three water types were in the 
2.2x10-6–8.4x10-5 mA/cm2 range or negligible.  Similarly, the metal thickness loss rates 
for both metals immersed in all three water types ranged between 2.6x10-5~9.8x10-4 
mm/year, as seen in Table 14. 
The calculated penetration rate for SS302 in Atlantic Ocean water, ~7.7x10-5 
mm/year, is lower than the ~3.6x10-4 mm/year penetration rate reported by Al-Fozan and 
Malik for SS304 of similar composition as SS302 immersed for around 35 weeks in 
seawater of ~0.6 M chloride concentration, 7 mg/L dissolved oxygen, and pH 8.1.[74]  
For comparison, MWRA data reports dissolved oxygen concentrations of around 7.75–9 
mg/L and a pH of 7.7–8 for the Boston Harbor area around the time the experimental 
waters were collected.[72]  One explanation for these differences may be that the 
seawater in Al-Fozan and Malik’s experiment was being constantly replenished whereas 
the waters of the experimental samples in this study were not.  Furthermore, all of the 
metal samples used by Al-Fozan and Malik were abraded prior to testing, possibly 
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interrupting surface passive film coverage, whereas metal samples in this study were 
employed in the as-received condition.  Also, the experimental samples in Al-Fozan and 
Malik were not fully isolated:  metal samples for assessing corrosion in the atmosphere 
above seawater, in a semi-submerged state, and in a fully submerged state were all kept 
together in the same housing.  Finally, another possibility would be that the SS302 
samples did not produce residue quantities detectable by the electronic scale used in this 
study. 
Whatever the case, the corrosion rate of the Atlantic Ocean water SS302 samples 
appears to be low.  The calculated thickness loss rate for SS302 samples in Charles River 
water, ~2.6x10-5 mm/year, is smaller than the thickness loss rate for the Atlantic Ocean 
SS302 samples, meaning that any potential corrosion activity that may be occurring 
would likely be occurring at an even lower rate, likely due to lower dissolved ion content:  
the MWRA reports that the specific conductance of surface seawater in the Boston 
Harbor area around the time of water collection was around 45–48 mS/cm, whereas the 
specific conductance for the surface water of the Charles River Lower Basin area around 
the same time was around 1 mS/cm.[72, 73] 
Curiously, the calculated thickness loss rate for SS302 samples in deionized 
water, ~7.5x10-4 mm/year, is much larger than the value reported for SS304 fully 
immersed in seawater in Al-Fozan and Malik.  The most likely reason for this is due to 
the spread of the deionized water SS302 data as can be seen in Figure 8Q:  the DI2 SS302 
total metal loss (r3) value, -0.0003, and the DI32 SS302 total metal loss (r3) value, 
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0.0002, may have skewed the linear regression towards a positive slope where no actual 
loss trends existed. 
The mass loss rates and calculated corrosion current densities for SS316 
immersed in Atlantic Ocean water and deionized water were all negative, and so were not 
analyzed further.  The negative values imply that negligible corrosion occurred to SS316 
samples in the Atlantic Ocean and deionized water samples, and likely at lower rates than 
in SS302 samples immersed in the same water types.  Al-Fozan and Malik’s results are in 
agreement with this assessment, as they reported a thickness loss rate of around 2.54x10-4 
mm/year for stainless steel 316L (a variant of SS316 with lower carbon content for 
increased corrosion resistance) immersed in seawater, lower than their reported thickness 
loss rate for SS304 immersed in the same water type.[74]  Intriguingly, the calculated 
corrosion current density of the Charles River SS316 samples (~8.4x10-5 mA/cm2) was 
larger than that of the Charles River SS302 samples (2.2x10-6 mA/cm2).  This anomaly is 
also likely attributable to data spread:  as can be seen in Figure 8R, the total metal loss 
(r3) values for CR2 SS316, CR6 SS316, CR8 SS316, CR12 SS316, and CR14 SS316 are 
all negative, and may have skewed the linear regression. 
Ultimately, both the SS302 and SS316 samples can be reasonably concluded to 
have suffered no corrosion reactions detectable by mass measurements in any of the 
water types.  Their high Pitting Resistance Equivalent Number (PREN) values as shown 
in Table 15 are a good indication of this relative resistance to corrosion. 
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Table 15. Pitting Resistance Equivalent Number of Stainless Steels 
Alloy Pitting Resistance Equivalent Number* 
SS302 18 
SS316 25.25 
SS420 12–14 
SS430 16–18 
SS440 16–20.475 
*Calculated using formula PREN = (%Cr) + 3.3(%Mo) + 20(%N) from Seifert et al.[75] 
based on % composition values reported in Table 2. 
 
4.2.3.2 Ferritic Stainless Steels 
The ferritic stainless steel utilized in this study, SS430, displayed a negative slope 
for all of its metal mass loss (r3) data linear regressions.  Interpreted literally, these 
negative loss rate values resulted in negative calculated corrosion current densities for all 
SS430 sample sets.  This finding implies that the SS430 samples likely did not corrode or 
corroded at slow enough rates that the electronic scale could not detect the mass changes 
that occurred.  These corrosion current densities were not considered for further analysis. 
Only one SS430 sample was noted to have visible signs of corrosion under 
stereomicroscopic observation.  AO32 SS430 showed a reddish/brownish ringed feature 
with a relatively clear area inside it that had a small pit feature at the center similar to 
ringed features found on Atlantic Ocean SS420 samples, as can be seen in Figure 17.  
The concentric nature of this observed corrosion ring and the small central pit feature 
strongly suggest that the ring may have originated from pitting corrosion.  Given that 
SS302 and SS316 did not exhibit similar visual signs of corrosion in Atlantic Ocean 
water, this suggests that SS430 is less resistant to pitting than SS302 and SS316.  Results 
of potentiodynamic anodic polarization experiments in literature support this notion:  Al-
Malahy and Hodgkiess show that SS316L is more corrosion resistant than SS430, and 
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Vera Cruz et al. similarly show that SS304 is more corrosion resistant than SS430.[76, 
77] 
 
4.2.3.3 Martensitic Stainless Steels 
Of all the stainless steels examined in this study, SS420 proved the most 
susceptible to corrosion.  All Atlantic Ocean SS420 samples carried at least one reddish 
ringed feature with a clear center area and a black pit feature, and usually carried rings 
and oval features of multiple concentric colored areas. These features were also observed 
on four Charles River SS420 samples—CR6 SS420, CR14 SS420, CR26 SS420, and 
CR32 SS420.  Atlantic Ocean SS420 samples from week 16 on also displayed an 
increased tendency to form aggregates of multiple ringed features as well as larger, 
irregular pitted features within the rings.  In contrast, only one SS440 sample—AO32 
SS440—displayed a reddish ringed feature, as seen in Figure 17.  These findings are in 
accord with the results of polarization tests conducted by Malik et al. in water with 0.01 
M Cl–, which indicated that SS420 is more susceptible to pitting than SS304 as well as 
two other martensitic stainless steels.[37]  The PREN values of SS420 and SS440 shown 
in Table 15 also appear predictive of these findings, as SS440’s PREN range was higher 
than that of SS420. 
The calculated corrosion current density for SS420 in Atlantic Ocean water, 
~1.5x10-4 mA/cm2, is comparable to potentiodynamically derived icorr values reported by 
Zheng et al. for a martensitic stainless steel of similar chromium content (12.6%) as 
SS420 in 0.5 M NaCl solution at pH 8.5, ~3.4x10-4 mA/cm2.[43]  The difference between 
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the two values may be attributable to compositional differences:  the alloy employed by 
Zheng et al. contained 5.6% nickel and 0.72% molybdenum by weight whereas the 
SS420 samples used in this study did not.  On the other hand, since nickel and 
molybdenum increase corrosion resistance as outlined in Section 1.5.1, the corrosion 
current density should be lower for the alloy employed by Zheng et al., which may 
indicate that the limited quantity of water in each sample limited corrosion reaction rates, 
or that the metal mass loss trends for Atlantic Ocean SS420 samples are more heavily 
influenced by scale measurement errors than mass loss. 
The calculated corrosion current densities for the Charles River and deionized 
water SS420 samples were around 8.4x10-5 and 5.9x10-5 mA/cm2, respectively, both 
lower than the current density obtained for Atlantic Ocean SS420 samples.  This is likely 
the result of the Charles River water having less dissolved ions than the Atlantic Ocean 
water, and the deionized water having no significant ion content, bearing out the general 
tendency for increased ionic content to produce increased corrosion rates.  The number of 
samples in each water type observed to bear ringed features also reflects this trend, with 
all sixteen Atlantic Ocean water SS420 samples, 25% 0f Charles River water SS420 
samples, and no deionized water SS420 samples showing such features. 
All calculated corrosion current densities for SS420 were larger than those for the 
SS302 and SS316 samples immersed in the same water types, barring the anomalous 
corrosion rate for SS302 in deionized water, likely indicating a greater susceptibility to 
destructive pitting.  The calculated corrosion current densities of the SS420 samples were 
also higher than those of the SS440 samples for all three water types.  Combined with 
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visual observations not detecting any developed pitting and reddish ring features on any 
SS440 samples except AO32 SS440, this suggests that SS440 is more corrosion/pitting-
resistant than SS420.  This finding seems to run counter to Abbott Ball Company product 
specifications for SS420, which indicates that SS420 has a general corrosion resistance 
slightly better than that of SS440.[68]  It should be noted, however, that general corrosion 
resistance encompasses corrosion characteristics in multiple environments and 
applications, and the finding that SS440 is more pitting resistant than SS420 in aqueous 
immersion does not indicate their corrosion performance in all environments. 
Excluding the anomalous data of the Charles River water SS316 samples and the 
deionized water SS302 samples, the calculated corrosion current densities for SS440 in 
Atlantic Ocean water (~6.2x10-5 mA/cm2) and Charles River water (~4.4x10-6 mA/cm2) 
are larger than the calculated corrosion current densities of SS302 and SS316 samples 
immersed in the same water types.  Combined with the observation that no SS302 and 
SS316 samples bore visible signs of corrosion, this appears to indicate that SS440 is less 
corrosion resistant than the two austenitic alloys.  The icorr for SS440 in Atlantic Ocean 
water is also larger than the icorr for SS440 in Charles River water, again likely reflecting 
dissolved ion content differences.  The calculated corrosion current density for SS440 in 
deionized water was excluded from analysis as the metal loss data (r3) linear regression 
slope used to calculate it was negative, likely due to the influence of the r3 data points for 
DI8 SS440 and DI10 SS440 (both 0.0003g) skewing the slope as seen in Figure 8U. 
The blue, yellow, and orange-colored components of the ringed features observed 
on the SS420 samples suggest the presence of multiple corrosion product types being 
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present in these features.  Iron and chromium corrosion products being in multiple 
ionization states and/or lattice structures may be the source of the different-colored 
products.  Previous studies conducted by García et al. and Pérez et al. indicate that iron in 
carbon and weathering steels forms a multitude of crystalline products with differing 
states such as FeOOH, Fe2O3, and Fe3O4 upon undergoing corrosion in a variety of 
atmospheric and aqueous environments with differing Cl– concentrations.[78, 79, 80]  
Wijesinghe and Blackwood further indicate that complex products containing Fe2+, Fe3+, 
Cr3+, and Cr6+ were likely present in the passive films of two austenitic stainless steels via 
potentiodynamic/photoelectrochemical experiments and Raman spectroscopy.[81] 
On the other hand, the fact that similar corrosion ring features with red and blue 
color bands formed on SS420 samples immersed in the Atlantic Ocean and Charles River 
waters imply that the formation of these residues are not heavily impacted by differing 
environmental conditions.  Nonetheless, the presence of rings bearing yellowish areas on 
Atlantic Ocean water SS420 samples and the absence thereof on the Charles River water 
SS420 samples indicate that environmental factors can have an effect on the corrosion 
products formed.  This idea finds concordance in previous research by Gismelseed et al., 
which indicated that while carbon steel exposed to desalinated fresh water forms only α-
FeOOH (goethite) and Fe3O4 (magnetite) as corrosion products, heightened chloride 
concentrations in seawater cause it to form β-FeOOH (akaganeite) along with some 
Fe2O3 (hematite) and γ-FeOOH (lepidocrocite).[82] 
Finally, the formation of similar reddish ringed features on SS420, SS430, and 
SS440 in Atlantic Ocean water by week 32 of the experiment suggests that compositional 
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variations of stainless steels do not influence the corrosion products they form in a single 
environment type as long as major alloying elements are present in similar ratios.  This 
notion finds some support in literature:  Wijesinghe and Blackwood, for instance, indicate 
that the passive films formed by their two austenitic stainless steels—which had similar 
chromium and nickel contents—in 0.1 M borate buffer at pH 9.2 had very similar major 
constituents.[81]  Ibrahim et al. similarly show through XRD analysis that three austenitic 
stainless steels with similar chromium, nickel, and manganese content immersed in 2.5 M 
NaCl solution and subjected to the same polarization procedures form passive films of 
similar compositions despite the alloys having differing icorr values.[38] 
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5. CONCLUSIONS 
5.1 Experimental Conclusions 
This study investigated corrosion characteristics and rates of seven types of metal 
in three types of water over a 32-week period via mass measurements.  Concurrently, the 
error margin of the electronic scale used in these mass measurements was assessed via 
repeat weighs of test samples and vials.  The results are summarized below. 
The variation associated with the mass measurements did not have standard 
deviations exceeding 0.00008g, meaning that any masses recorded from a metal sample 
of the type used in this experiment would be precise to ±0.0002g.  Nonetheless, mass 
changes in the corrosion experiment samples assessed over time were small enough that 
this error factor would likely influence corrosion experiment data, complicating the 
calculation of mass loss rates and corrosion current densities from the data. 
The mass test vial displayed an inter-day mass deviation larger than the deviations 
calculated for the mass test metal samples, at around 0.01g.  While the cause of this error 
could not be identified, statistical analysis traced the cause to the data associated with the 
mass measurements of the vial.  This result suggests that error margin tests for common 
substrates associated with items that are weighed in an analytical laboratory—such as a 
forensic drug lab—may be prudent so that potential substrate-caused errors can be 
identified. 
Of the seven metals tested, zinc produced the greatest quantity and variety of 
corrosion residues in all three water types.  The type of residues that developed on zinc 
samples immersed in deionized water also developed on zinc samples in the two water 
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types procured from the environment with slight modifications in morphology or 
coloration, while zinc samples in the Atlantic Ocean and Charles River waters developed 
residues not seen in samples immersed in the other two water types in addition to these 
shared residues.  This finding suggests that the environment will impact the corrosion rate 
and products formed.  The relative corrosion rates of zinc immersed in the three waters 
bore out the general trend that zinc corrodes more quickly in neutral-pH waters 
(freshwater) than in slightly alkaline waters (seawater), and will corrode the slowest in 
waters with little reactive content. 
Brass C260 was found to form a faint green tarnish in the Charles River and 
deionized waters, while forming a thicker layer of dark green/brown adherent residue in 
the Atlantic Ocean water.  Small dots and patches of a similar color were seen on many 
Charles River brass C260 samples.  This demonstrates the role higher ionic content plays 
in influencing corrosion.  The assumption that brass C260 produced only Cu+ ions in 
corrosion processes resulted in a calculated corrosion current density for Atlantic Ocean-
immersed brass C260 samples that was in agreement with literature-reported corrosion 
current density for pure copper, despite the appearance of the non-adherent residues 
found with the samples implying the formation of Cu2+-based residues, and brass C260’s 
expected tendency to preferentially lose zinc.  Thus, the validity of this assumption will 
require further assessment. 
The stainless steels utilized in this study—SS302, SS316, SS420, SS430, and 
SS440—all resulted in low corrosion rates in all three water types as determined by 
visual and mass loss assessments.  SS420 was determined to be most susceptible to 
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pitting corrosion out of the five types, followed distantly by SS440 and SS430.  No 
pitting or other obvious signs of corrosion were seen on any SS302 or SS316 sample, 
indicating superior resistance.  The quantity of residue produced by the SS420 samples 
was minute, following the literature-cited trend that pitting produces minimal mass loss.  
Pitting corrosion on SS420 appeared with greater frequency and severity in the Atlantic 
Ocean water than in the Charles River water, again indicating that increased ionic content 
increases corrosion reaction rates.  Corrosion residues produced on SS420 samples in 
Atlantic Ocean water and Charles River water had color and morphology similarities. 
The very last Atlantic Ocean water SS430 and SS440 samples displayed pitted 
features with associated reddish residues very similar to those found on SS420 samples in 
Atlantic Ocean water.  This indicates that minor variations in alloy composition are 
unlikely to alter the types of residues produced in a given environment, even though they 
significantly affect corrosion rates.  Further analysis of corrosion residues of all three 
alloys will be necessary, however. 
Overall, the metals utilized in this study displayed corrosion characteristics and 
trends that were generally in accord with literature-reported characteristics and trends.  
However, the error margin of the electronic scale used in mass loss determinations, while 
relatively small, was still too large for accurate determinations of mass loss rates and 
corrosion current densities.  Similarities in corrosion residue appearance displayed 
between Atlantic Ocean water SS420, SS430, and SS440 samples that displayed pitting 
suggest that minor variations in elemental compositions will likely not affect the types of 
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corrosion residues they form in similar environments, but further testing is needed in this 
area. 
 
5.2 Future Directions 
Instrumental analysis to definitively identify and classify the corrosion residues 
produced by the alloys employed in this study is of interest.  XRD analysis as well as 
Scanning Electron Microscopy/Energy Dispersive X-ray Analysis (SEM/EDXA) should 
prove useful in this regard, though the corrosion residues produced from the metal 
samples in this experiment and retained for future study are likely too small for analysis. 
The small mass changes associated with the experimental metal samples, which 
made mass loss rate determinations less likely, are most likely due to the small sizes of 
the samples employed (always less than 0.4g).  Future corrosion rate determination 
studies based on mass loss assessments will likely benefit from using larger metal 
samples whose absolute mass changes will be larger than the error range of the 
gravimetric apparatus being employed. 
It is also recommended that analytical labs that weigh items routinely begin to 
assess the error ranges of their scales in weighing the specific item and substrate types 
they often encounter as part of their quality control procedures, so that any large error 
margins that may result from weighing these items/substrates can be accounted for and 
minimized. 
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